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Chapter 1 General Introduction 
 
1.1 Motivation – develop hydrogen and ammonia production in mild 
conditions  
 
Future demand for hydrogen and ammonia as “energy” will continue to increase. 
Industrially, hydrogen and ammonia are produced via catalytic processes. Hydrogen is 
mainly produced via steam reforming of hydrocarbons. Methane, a main component of 
natural gas, is generally used for steam reforming. Methane itself possesses a stable 
tetrahedron structure. Methane steam reforming is a strongly endothermic reaction 
conducted at high temperatures (> 973 K) to achieve high yield of hydrogen in terms of 
both thermodynamics and kinetics. Similarly, ammonia is mainly produced via the 
Haber–Bosch process from nitrogen and hydrogen. With this weak exothermic reaction, 
low temperatures are favorable from the viewpoint of thermodynamics. However, 
activating nitrogen, which includes triple bonds, requires severe conditions such as high 
temperatures (673–773 K) and high pressures (100–200 atm). Consequently, catalytic 
processes for hydrogen and ammonia synthesis are well known to be conducted under 
harsh conditions. 
 
Processes are desired in which hydrogen and ammonia can be produced 
instantaneously and by simple operation. One issue hindering achievement of on-site and 
on-demand processing is moderation of the severe conditions needed for catalysis. Given 
that background, catalytic processes that include application of an electric field are 
investigated in this study to moderate the severe conditions for hydrogen and ammonia 
production. Novel catalytic processes that are likely to lead to on-site and on-demand 
hydrogen and ammonia production are considered. 
 
 
 
 
 
 
 
 
 
2 
 
1.2 Details of reactions for catalytic hydrogen and ammonia synthesis 
 
This section describes details of catalytic steam reforming of methane and catalytic 
ammonia synthesis from the viewpoints of thermodynamics and kinetics with various 
catalysts. 
 
1.2.1 Steam reforming of methane 
 
In steam reforming of methane, a widely used reaction for hydrogen and syngas 
production, methane reacts with water. Thereby, it is converted into carbon monoxide and 
hydrogen. The reaction formula is presented as equation (1). 
 
 CH4 + H2O → CO + 3H2      ∆H0298 = 206 kJ mol-1 (1) 
 
During this reaction, another reaction called the water–gas shift reaction proceeds. In the 
reaction, carbon monoxide reacts with excess water. Consequently, carbon dioxide and 
an additional hydrogen are produced. The reaction formula is presented as equation (2). 
 
 CO + H2O → CO2 + H2      ∆H0298 = - 41 kJ mol-1 (2) 
 
Combining these two reactions, the reaction formula for steam reforming of methane is 
usually given by equation (3). 
 
 CH4 + 2H2O → CO2 + 4H2      ∆H0298 = 165 kJ mol-1 (3) 
 
Equation (3) is a strongly endothermic reaction: a high reaction temperature is 
therefore favorable. The equilibrium methane conversion for steam reforming of methane, 
which denotes the maximum methane conversion at each reaction temperature, is 
calculable according to thermodynamics. Enthalpy ∆H and entropy ∆S is calculable with 
equations (4) and (5) from the molar heat capacity at constant pressure Cp(T). Using these 
calculated thermodynamic parameters, the Gibbs free energy ∆G can also be calculated 
using equation (6). Using the Gibbs free energy, the equilibrium constant K can be 
estimated. Also, the equilibrium methane conversion can be obtained. 
 
 ∆H = ∫ 𝐶𝐶𝐶𝐶(𝑇𝑇) 𝑑𝑑𝑇𝑇𝑇𝑇298  (4) 
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∆S = ∫ 𝐶𝐶𝐶𝐶 (𝑇𝑇)
𝑇𝑇
𝑇𝑇
298
 𝑑𝑑𝑇𝑇 (5) 
 ∆G = ∆H - T ∆S (6) 
 
K = exp (−Δ𝐺𝐺
𝑅𝑅𝑇𝑇
) 
(7) 
 
Figure 1-1 shows the equilibrium methane conversion at various temperatures on 
steam reforming of methane, assuming PH2O / PCH4 = 2. As can be seen, the equilibrium 
methane conversion increases with higher temperatures. It reaches almost 100% at 973 
K. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-1 Equilibrium methane conversion at various temperatures for steam reforming 
of methane, 1 atm (PH2O / PCH4 = 2). 
 
To accelerate the reaction rate kinetically, steam reforming of methane is conducted 
with metal supported catalyst at temperatures higher than 973 K. The resistance against 
heat and the affinity with water are important characteristics for the catalyst support. 
Therefore, cement materials such as Al2O3 and MgO are generally used for the reaction 
(1). In addition, because of high reaction temperatures such as those higher than 973 K, 
carbon deposition shown in equation (8) is expected to proceed to some extent. This 
reaction causes covering of active sites on catalyst, resulting in deactivation of the catalyst. 
To avoid carbon deposition on the catalyst, ceramic materials that show redox properties 
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such as CeO2 (2), CexZr1-xO2 (3), and perovskite-type oxides (4), are also candidates for 
catalyst support. 
 
 CH4 → C + 2H2      ∆H0298 = 75 kJ mol-1 (8) 
 
Furthermore, supported metal plays an important role as an adsorption site of 
methane because methane (C–H) dissociation is regarded as occurring only on supported 
metal sites. Actually, supported transition metal is well known to demonstrate high 
activity for steam reforming of methane. The order of catalytic activity is known as 
presented below (1, 5). 
 
 Rh > Ru > Ni > Pd > Pt > Re > Cu > Co (9) 
 
Although noble metals (Rh and Ru) show higher activity for steam reforming of 
methane, Ni is generally used for industrial hydrogen production from the perspective of 
cost. In some cases, alkali and alkali-earth metals such as MgO (6, 7), CaO (8, 9), and K2O 
(10) are added to catalyst to avoid carbon deposition. These species affect the ratio of 
Ni/NiO and the dispersion of metal (particle size of Ni) during the reaction, thereby 
suppressing the carbon deposition. 
 
To elucidate the kinetics and the mechanism for steam reforming of methane, 
numerous investigations have been conducted with various catalysts. Rostrup-Nielsen 
conducted kinetic analyses for steam reforming of hydrocarbons (CnHm) with Ni catalyst 
(1). For that investigation, it was assumed that hydrocarbons are adsorbed onto Ni active 
site (θ1) and that water is adsorbed onto support active site (θ2). The adsorbates mutually 
react and produce carbon monoxide and hydrogen, which is known as the Langmuir–
Hinshelwood mechanism. These steps are expressed as equations (10)–(15). 
 
 
CnHm + 2θ1 
kA
→ CnHz - (θ1)2 + (𝑚𝑚−𝑧𝑧)
2
 H2 
(10) 
 
CnHz - (θ1)2 + n θ1 → Cn-1 Hz’ - (θ1)2 + CHx - (θ1)n 
(11) 
 
CHx - (θ1)n + O - θ1 
kR
→ 𝑥𝑥
2
 H2 + CO + (n+1) θ1 
(12) 
 H2O + θ2 
KW
�� H2O - θ2 (13) 
 H2O - θ2 + θ1 
KW
�� O - θ1 + H2 + θ2 (14) 
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 H2 + 2θ1 
KH
�  2H - θ1 (15) 
 
These equations are solved with a steady-state approximation. Finally the reaction 
rate equation (16) is obtained. 
 
 
r = 
kA PCnHm
�1 +  nkA kR KW · PH2PH2O ·PCnHm+ KW· PH2OPH2  + �KHPH2�2n 
(16) 
Therein, k is the rate constant of each equation. K is the adsorption equilibrium constant 
of each molecule. The concentration of CnHz - (θ1)2 is ignored. 
 
Equation (16) shows that the dependence of partial pressure (PCnHm, PH2O and PH2) is 
determined by rate constants k and adsorption equilibrium constants K. Therefore, partial 
pressure dependence is defined when a certain catalyst (supported metal + support) is 
used if the reaction proceeds with the same mechanism (1), from equations (10)–(15). 
 
Iglesia et al. conducted kinetic studies for steam reforming of methane over various 
supported metal catalysts at 823–1073 K (11–16). The partial pressure dependences of 
reaction rate and the apparent activation energy (Ea) are presented in Table 1-1. 
 
Table 1-1 Kinetic analyses for steam reforming of methane over various catalysts. 
 
 
Table 1-1 shows that the order for methane partial pressure (α) was almost 1. The 
order for water partial pressure (β) showed zero or a negative value. Additionally, they 
Catalyst α β Ea (kJ mol-1) Ref.
Ir/ZrO2 (873 K) 1 0 87 (11)
Ru/γAl2O3 (873 K) 1 0 91 (12)
Pt/ZrO2 (873 K) 1 0 75 (13)
Rh/γAl2O3 (873 K) 1 0 109 (14)
Ni/MgO (873 K) 1 0 102 (15)
Ni/Ce0.75Zr0.25O2 (923-1073 K) 1 -0.3 - (3)
Ni/Al2O3 (923-1073 K) 1 -0.3 - (3)
Pd/ZrO2 (823 K) 1 0 81 (16)
Pd/CeO2 (620-770 K) - - 57±4 (2)
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conducted activity tests with isotope (CD4 and D2O) (11–16). Results showed that the 
activity decreased clearly when CD4 was used instead of CH4. From these results, they 
inferred that the rate-determining step of the reaction is the methane dissociative 
adsorption step, presented as equation (17). 
 
 CH4 + 2θ → CH3 - θ + H - θ (17) 
 CH3 –θ + θ → CH2 - θ + H - θ (18) 
 CH2 - θ + θ → CH - θ + H - θ (19) 
 CH - θ + θ → C - θ + H - θ (20) 
 H2O + θ → H2O - θ (21) 
 H2O - θ + θ → OH - θ + H - θ (22) 
 OH - θ + θ → O - θ + H - θ (23) 
 C - θ + O - θ → CO - θ + θ (24) 
 CO - θ + O - θ → CO2 + 2θ (25) 
 2H - θ → H2 + 2θ (26) 
 
Another possible mechanism for steam reforming of methane is proposed using 
lattice oxygen (OL) in support material, called a redox mechanism (3). When CexZr1-xO2 
was used as catalyst support, the adsorbed methane on Ni reacted with lattice oxygen at 
the Ni – CexZr1-xO2 interface. The supplied water was regarded as filling up the lattice 
vacancy (Vo), thereby producing hydrogen. These steps are expressed as equations (27)–
(29). In this case, support materials representing redox property present the benefit of 
suppressing carbon deposition at high temperatures. 
 
 C - θ + OL → CO + Vo + θ (27) 
 CO - θ + OL → CO2 + Vo + θ (28) 
 H2O + Vo → OL + H2 (29) 
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1.2.2 Ammonia synthesis via nitrogen and hydrogen 
 
Ammonia synthesis is generally conducted using nitrogen and hydrogen with a 
catalyst. Nitrogen is fractionated from liquid air. Hydrogen is produced via steam 
reforming of methane. This reaction, which is regarded as a nitrogen fixation in air, has 
spurred human social and economic development to an immeasurable degree. The 
reaction formula is presented as the equation (30). 
 
 N2 + 3H2 → 2NH3      ∆H0298 = - 46 kJ mol-1 (30) 
 
Equation (30) is a slightly exothermic reaction. Therefore, low temperatures are a 
favorable condition in terms of thermodynamics. As with the case for steam reforming of 
methane, the equilibrium nitrogen conversion for ammonia synthesis is calculable using 
equations (4)–(7). For ammonia synthesis, various pressures from 1 atm to 200 atm are 
considered thermodynamically. Figure 1-2 shows equilibrium nitrogen conversion at 
various temperatures and pressures for ammonia synthesis, assuming PH2 / PN2 = 3. As 
can be seen, the equilibrium nitrogen conversion increases with lower temperatures and 
higher pressures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-2 Equilibrium nitrogen conversion at various temperatures and pressures for 
ammonia synthesis (PH2 / PN2 = 3). 
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Ammonia synthesis is conducted over various catalysts at high temperatures and 
pressures in terms of kinetics, considering an Arrhenius equation: k = A exp (-Ea / RT). 
The Haber–Bosch process, well known as the industrial ammonia synthesis process, 
operates at around 773 K and 200 atm (Fig. 1-2). The original catalyst for ammonia 
synthesis was an iron catalyst discovered by Mittasch (17) and developed further toward 
an iron-based double promotion catalyst (Fe3O4 + Al2O3 and K2O), where iron plays a 
role as an adsorption and active site for nitrogen. It is also indicated that Al2O3 suppresses 
the sintering of iron during the catalyst reduction, and that dispersed K2O promotes the 
surface activity on iron (18). In 1972, Aika et al. reported a supported Ru catalyst (19) that 
showed high activity even at low temperatures compared to the Fe catalyst. Results 
suggest that Ru catalyst is influenced strongly by electron donors such as K (19, 20), Cs (19, 
21) and Ba (20, 21). Unlike iron catalysts, Ru is used as a supported catalyst. Therefore, the 
effects of support material are also discussed especially in the case without promoter. 
When Ru/CeO2 was used as a catalyst, the activity for ammonia synthesis was stable and 
higher than that with other support such as MgO and other lanthanide oxides (22). They 
advocated the importance of the interaction between Ru and support, i.e. Strong Metal–
Support Interaction (SMSI); Ce partially functions as an electron donor to Ru. 
 
With respect to kinetics and the mechanism for ammonia synthesis, numerous kinetic 
analyses were conducted with Fe and Ru catalyst. The possible mechanisms were also 
proposed. Ertl revealed the elementary steps, the diagram, and the mechanism of 
ammonia synthesis on Fe surface in 1980 (18) and received the 2007 Nobel Prize in 
recognition of his contributions to surface science. The elementary steps of ammonia 
synthesis with heterogeneous catalyst are suggested from equation (31) to equation (37), 
known as the Langmuir–Hinshelwood mechanism, where θ denotes the active site on 
catalyst. 
 
 N2 + θ → N2 - θ (31) 
 N2 - θ + θ → 2N - θ (32) 
 H2 + 2θ → 2H - θ (33) 
 N - θ + H - θ → NH - θ + θ (34) 
 NH - θ + H - θ → NH2 - θ + θ (35) 
 NH2 - θ + H - θ → NH3 - θ + θ (36) 
 NH3 - θ → NH3 + θ (37) 
 
In his investigations, various surface analyses such as electron spectroscopy, low-
9 
 
energy electron diffraction, and temperature programmed desorption (TPD) were 
conducted for iron single crystals. He concluded that the rate-determining step of the 
reaction is equation (32), the nitrogen dissociative adsorption step, and finally obtained 
the energy diagram presented in Figure 1-3. 
 
 
Figure 1-3 Potential energy diagram for ammonia synthesis catalyzed by an iron surface 
(18) (kcal mol-1). 
 
In addition, various crystal faces of iron (Fe(111), Fe(100), and Fe(110)) have been 
investigated for ammonia synthesis. The ammonia synthesis activity was remarkably high 
on Fe(111). It was elucidated that the reaction under 20 atm is a structure-sensitive 
reaction with the following order of activity (23). 
 
 Fe(111) > Fe(100) > Fe(110) (38) 
 
Along with the reported kinetics and mechanism on the iron catalyst, numerous 
investigations have been conducted of Ru catalysts. Effects of partial pressure 
dependence on the reaction rate and the apparent activation energy (Ea) are presented in 
10 
 
Table 1-2. 
 
Table 1-2 Kinetic analyses for ammonia synthesis over various Ru catalysts. 
 
Table 1-2 shows that the order for nitrogen partial pressure (α) was almost 1. These 
results indicate that the nitrogen dissociative adsorption step, presented in equation (32), 
is the rate-determining step (28, 29) for ammonia synthesis similarly to an iron catalyst. The 
differences between Ru and Fe are the influence of adsorbed hydrogen species (24, 30) and 
the activation principle of nitrogen. The former point is presented in Table 1-2. The orders 
for hydrogen (β) and ammonia (γ) partial pressure were almost negative values, indicating 
that the Ru catalyst surface was poisoned by hydrogen and ammonia adsorbates. The 
latter point is supported by results of an earlier study (31). In the case of iron catalyst, the 
side-on (α2-type) form of dinitrogen is expected to be dissociated easily on the Fe(111) 
surface. For Ru catalyst, the end-on (α1-type) form is expected to be activated via electron 
donation on Ru catalyst. Schematic models of different dinitrogen configurations on Fe 
and Ru surfaces are presented in Figure 1-4. 
 
 
 
 
 
 
 
 
 
Catalyst α β γ Ea (kJ mol-1) Ref.
Ru powder 1 -0.7 -0.2 118 (24)
Ru/Al2O3 0.9 -0.1 -0.4 70 (25)
Ru/MgO
0.8 -0.3 -0.3 69 (25)
0.8 -0.5 -0.6 76 (26)
Cs/Ru/MgO
0.7 -0.7 0 96 (25)
1 -1.2 -0.1 106 (27)
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Figure 1-4 Reaction mechanism for ammonia synthesis over iron catalyst (A) and over 
ruthenium catalyst (B) (32). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(A) 
(B) 
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1.3 Technologies and challenges for achieving mild conditions for catalysis 
 
Numerous and laborious efforts have been undertaken to obviate the severe 
conditions (high temperatures and high pressures) for catalysis, especially for steam 
reforming of methane and ammonia synthesis. This section describes details of the 
technologies combining catalysis and electricity. This section also presents summaries of 
current challenges to achieve mild conditions with originally designed catalysts. 
 
1.3.1 Discharge/Plasma technology 
 
Discharge and plasma technologies are sometimes combined with catalysis because 
electrons with high energy present the possibility of activating the raw material directly 
in gas phase or of promoting the active species production on catalyst. As described 
earlier in section 1.2.1, steam reforming of hydrocarbons is strongly restricted by 
thermodynamics. Therefore, various studies involving steam reforming of hydrocarbons 
with application of discharge/plasma have been reported. Schematic images of reactors 
used for steam reforming of methane with application of discharge/plasma are shown in 
Figure 1-5. Some researchers have investigated the catalytic steam reforming of methane 
with equilibrium plasma (33–35), which means that the temperature of gas phase and 
electrons reaches the equilibrium state, resulting in high-temperature conditions. In this 
process, high-temperature (> 2273 K) difficulties persist, and electric power consumption 
is extremely large, 45–55 MJ / kg-H2 (33). However, non-equilibrium plasma such as spark 
discharge (36–48) and corona discharge (49–51), which means that only the electron 
temperature increases via control of the form of plasma generation, was applied to 
catalysis. Through this process, methane conversion for steam reforming reached 47% at 
673 K with Ni/SiO2 catalyst (52). The electric power consumption was about 21 eV molH2-
1, which value was lower than that of 168 eV molH2-1 without catalyst. All in all, the 
application of discharge/plasma to catalysis lowers the reaction temperature of steam 
reforming. However, several shortcomings persist: the amount of energy consumption is 
high and control of selectivity is difficult, creating large amounts of C2 products such as 
acetylene and ethylene. 
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Figure 1-5 Schematic images of the reactors for steam reforming of methane with 
equilibrium plasma (A) (33) and non-equilibrium discharge (B) (43). 
 
Discharge and plasma technologies are also used for catalytic ammonia synthesis to 
promote nitrogen dissociation kinetically. Glow discharges were applied to various 
electrodes to ascertain the effective electrode material for ammonia synthesis (53). As a 
result, the order of catalytic activity was obtained as presented below. 
 
 Pt > stainless steel > Ag > Fe > Cu > Al > Zn (39) 
 
Actually, the work function of electrode material is related to the activity for 
ammonia synthesis because the efficiency of NH radical species production increases 
with larger work function of the electrode material (53). 
 
The mechanism of ammonia synthesis with application of dielectric barrier discharge 
(DBD) is presented in equations (40)–(45). Results suggest that the efficient production 
of NH radical, the precursor for ammonia synthesis, is a key factor with application of 
DBD (54). 
 
 N2 + e- → N2+ + 2e- (40) 
 H2 + e- → 2H + e- (41) 
 N2+ + H2 → N2H+ + H (42) 
 N2+ + H → N2H+ (43) 
(B) (A) 
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 N2H+ + e- → NH + N (44) 
 N + H → NH (45) 
 
The other reaction scheme of ammonia synthesis in Electron–Cyclotron Resonance 
(ECR) plasmas was proposed as presented below (55). Nitrogen molecules and nitrogen 
ion are dissociated on stainless steel wall during ECR plasma application. Then the 
adsorbed nitrogen and hydrogen in ECR plasma mutually react. Finally, the product 
would be desorbed for producing ammonia. 
 
 N2 → 2N(a) (46) 
 N2+ + e- → 2N(a) (47) 
 NHx → NHx(a) (48) 
 N(a) + xH → NHx(a) (49) 
 NHx(a) + (3-x)H → NH3 (50) 
 
These studies of ammonia synthesis in discharge/plasma were conducted at ambient 
pressure (1 atm) and at low temperatures from room temperature (298 K) to 473 K. 
However, the activity for ammonia synthesis was not so high (parts-per-million-order 
concentration to several millimoles per hour at most). In the recent synthesis of ammonia 
with 5 kV plasma and Ru/Cs/MgO catalyst at room temperature (56), the ammonia 
synthesis rate is as high as 2.3 gNH3 / kWh. 
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1.3.2 Electrochemical reactions 
 
1.3.2.1 Electrolysis and electrolytic synthesis 
 
When electrochemical routes are adopted to proceed a reaction, the impressed 
electrons (current) would be generally used stoichiometrically. Such a reaction is called a 
“Faradaic reaction.” For example, in the case of steam reforming of methane with Ni YSZ 
cermet anode (57), the reaction scheme is presented as in equations (51)–(53). This reaction 
was conducted at 1123 K: 2 or 4 electrons were used to convert methane into carbon 
monoxide or carbon dioxide. For hydrogen production, steam electrolysis is a commonly 
used method conducted via solid oxide electrolysis cells (SOECs) (58). 
 
 H2O + 2e- → O2- + H2 (51) 
 CH4 + O2- → CO + 2H2 + 2e- (52) 
 CH4 + 4O2- → CO2 + 2H2O + 8e- (53) 
 
In comparison to hydrogen production, electrolytic synthesis of ammonia, especially 
from nitrogen and water, is attracting greater attention. Studies examining electrolytic 
synthesis of ammonia at ambient pressure with molten salts from nitrogen and hydrogen 
(59) or from nitrogen and water (60) have been reported. Schematic images of the principle 
of electrolytic synthesis of ammonia are presented in Figures 1-6 (A) and (B). Equation 
(54) shows that the cathode supplies nitride ion by the reduction of nitrogen to nitride ion. 
On the anode, ammonia is synthesized electrochemically from hydrogen gas and nitride 
ion in the equation (55). In the molten salts, nitrogen is readily reduced to produce nitride 
ion. Therefore, ammonia is regarded as being produced efficiently even at ambient 
pressure and 673 K with yield of more than 90% and below 2.5 V (59). Furthermore, when 
water was used as a raw material, ammonia is formed by the chemical reaction between 
water vapor and nitride ions presented in equation (56). The oxide ions formed in equation 
(56) are then removed from the melt as oxygen gas at the inert anode, in equation (57). In 
recent works on electrolytic synthesis of ammonia from nitrogen and water (61–63), the 
ammonia synthesis rate reaches 1.1 × 10-8 mol s-1 cm-2 under atmospheric pressure at 
various temperatures (353–648 K). 
 
 1/2 N2 + 3e- → N3- (54) 
 3/2 H2 + N3- → NH3 + 3e- (55) 
 3/2 H2O + N3- → NH3 + 3/2 O2- (56) 
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 3/2 O2- → 3/4O2 + 3e- (57) 
 
             
 
 
 
 
 
Figure 1-6 Schematic images of the principle of electrolytic synthesis of ammonia from 
nitrogen and hydrogen (A) (59) and from nitrogen and water (B) (60). 
 
1.3.2.2 NEMCA effect 
 
In contrast to Faradaic reaction, some cases of reactions that proceed beyond the 
stoichiometry of impressed electrons have been reported. These cases are called Non-
Faradaic Electrochemical Modification of Catalytic Activity (NEMCA) (64, 65) or 
Electrochemical Promotion on Catalysis (EPOC) (66, 67). A schematic illustration of the 
solid electrolyte cell reactor is presented in Figure 1-7, which shows a solid electrolyte 
held between electrodes, with weak current (ca. 800 μA) and voltage (below 2.5 V) were 
applied to the catalyst. The catalytic activity was enhanced. The reaction proceeded over 
stoichiometry compared to impressed electrons. This system is widely applied to 
membrane reactors (68) and to catalysis such as ethylene oxidation (64), steam reforming of 
methane (69–71), methane oxidation (72), ammonia synthesis (73–75), and C2 production (76). 
 
 
 
 
 
 
(B) (A) 
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Figure 1-7 Schematic illustration of the solid electrolyte cell rector (64). 
 
For steam reforming of methane, Ni film (69), Ni-YSZ cermet anode (69), Pt-YSZ-Na-
βAl2O3 (70), and Pt-YSZ-Au (71) have been used as catalysts. In fact, the reaction can 
proceed 25 times faster than the amount of impressed electrons with small energy 
consumption of 16 MJ / kg-H2 at below 1103 K (69). When Pt catalyst was used, the reaction 
proceeded at 773 K with 2 V (initial conversion: nearly 50%). The auto-thermal reforming 
condition (CH4 + H2O + O2) was found to be the most appropriate and efficient for this 
system (70, 71). The NEMCA effect was also observed during ammonia synthesis with 
proton conductor under conditions of 723–973 K and at atmospheric pressure to 300 atm 
(73–75). Activity as high as three times greater than the amount of input electrons was 
indicated, but the NEMCA effect was weaker than that for oxidative reactions. It is 
particularly interesting that the effect was larger when ammonia synthesis was conducted 
at low temperatures (77). However, the NEMCA effect evolved into various catalyses for 
reasons that remain unclear. One supposition is that applied voltage/current produces an 
active ion species, such as oxide anions, because of changes in the work function of the 
catalyst (78). 
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1.3.3 Attempts without electrical assist 
 
As discussed in section 1.2, thermodynamic limitations constrain steam reforming of 
methane. Therefore, external forces such as electricity and light (79) are required to create 
a non-conventional mechanism in which the irreversible step for methane activation is 
included. For that reason, the reaction proceeds at low temperatures. Low temperatures 
are favorable for catalytic ammonia synthesis from the viewpoint of thermodynamics. 
Ammonia synthesis can proceed if kinetic promotion is satisfactorily achieved, even at 
low temperatures because the catalytic reaction rate is very low at low temperatures. To 
achieve and accelerate low-temperature ammonia synthesis, various and originally 
designed catalysts without external forces have been developed. 
 
During 2010 and later years, studies of ammonia synthesis conducted under mild 
conditions were increasingly reported: they became a topic of great interest. Results 
showed that Ru catalyst supported on electride (C12A7:e−) exhibit remarkably high 
activity for ammonia synthesis even at 673 K and atmospheric pressure (80, 81). Electride 
is a stable inorganic compound which represents metallic conduction and therefore holds 
a low work function of 2.4 eV. Its turn over frequency (TOF) is 10 times higher than that 
with a conventional Ru supported catalyst (1 wt%Ru-Cs/MgO), but it has activation 
energy that is half of the conventional activation energy by virtue of electron donation 
from the electride (81). Moreover, electride can take in hydrogen and resolve hydrogen 
poisoning on the Ru surface (80). A possible mechanism of ammonia synthesis was 
proposed (81). In some cases, hydride ion has been inferred to play an important role in 
suppressing hydrogen poisoning, resulting in promoting nitrogen dissociation (82). One 
group finally reported that Ru supported on calcium amide (Ca(NH2)2) exhibited the 
highest activity for ammonia synthesis ever at 613 K and 0.9 MPa in 2016 (83). On calcium 
amide, Ru nanoparticles (nearly 2.0 nm) were dispersed and anchored because of strong 
interaction between Ru and N in support. This feature and electron-donating effect from 
calcium amide engender high catalytic performance for ammonia synthesis. These 
catalytic performances are presented in Table 1-3. 
 
Another reported study was conducted with Ru supported on praseodymium oxide 
(Pr2O3) catalyst with no dopant (84). Supported Ru on Pr2O3 showed the formation of low-
crystalline nano-layers and strong basicity, enabling nitrogen activation at low 
temperature of 673 K and atmospheric pressure. These findings are shown in Table 1-3. 
19 
 
Table 1-3 Ammonia synthesis with various Ru supported catalyst under mild conditions. 
 
Not only Ru supported catalyst, but also metal complexes including molybdenum (85, 
86), iron (87), and cobalt (88) have been used for ammonia synthesis under very mild 
conditions of room temperature (298 K) and atmospheric pressure. In reports of several 
studies, and as shown in Figure 1-8, the possible mechanism of ammonia synthesis with 
molybdenum complex, reductant, and proton source has been proposed (85). In the reaction, 
nitrogen was converted into maximum 23 equivalent of ammonia with molybdenum-
complex-bearing PNP pincer ligands. When molybdenum-complex-bearing PCP pincer 
ligands were used instead of bearing PNP pincer ligands, nitrogen was converted into a 
maximum 230 equivalent of ammonia (86) because PNP pincer ligands are more easily 
dissociated from complex than PCP pincer ligands. The activity with PCP pincer ligands 
was the highest ever reported at room temperature and atmospheric pressure. 
 
When trinuclear titanium polyhydride complex (89) was used, nitrogen was 
dissociated; a N–H bond was formed without reductant and proton source at room 
temperature and atmospheric pressure. Although formation of ammonia was not 
confirmed, this complex can achieve ammonia synthesis from nitrogen and hydrogen 
alone in mild conditions. 
 
 
 
 
 
 
 
Temperature Pressure Catalyst Ammonia Synthesis Rate Ref.
/K / MPa / µmol g-cat-1 h-1
673 0.1 1wt%Ru/C12A7:e- 2800 (80)
673 1.0 1wt%Ru/C12A7:e- 8250 (80)
673 1.0 4wt%Ru/C12A7:e- 6000 (80)
573 0.1 1.8wt%Ru/Ca2N:e- 1674 (82)
613 0.1 1.8wt%Ru/Ca2N:e- 3386 (82)
613 1.0 1.8wt%Ru/Ca2N:e- 5000 (82)
673 0.1 5wt%Ru/Pr2O3 3600 (84)
673 1.0 5wt%Ru/Pr2O3 18000 (84)
613 0.9 10wt%Ru/Ca(NH2)2 32000 (83)
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Figure 1-8 Proposed reaction pathway for catalytic conversion of dinitrogen into 
ammonia (85). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
21 
 
1.4 Proton conduction 
 
Proton conduction is among the most important phenomena explained in this thesis. 
Proton-conducting materials serve an important role in applications of efficient fuel cells, 
electrolyzers, gas-separation membranes, sensors, and catalyses. Therefore, numerous 
investigations of solid state protonic conductors have already been conducted. In this 
section, a general overview of their properties is given. In addition, the nature of surface 
protonic transport on solid state conductors: “surface protonics,” which has recently been 
attracting attention, is also summarized in this section. 
 
1.4.1 Proton conduction in solid oxides 
 
Conductivity (σ) is generally given by equation (58), where n represents the carrier 
concentration, e denotes the elementary charge, and μ corresponds to the mobility of 
carrier. The proton conductivity is also given as the same equation of (58). 
 
 σ = n e μ (58) 
 
Elementary charge is a constant. Therefore, the concentration and the mobility of 
carrier determine the value of conductivity. Regarding proton conductivity, the 
concentration and the mobility of proton are the necessary factors for achieving high 
protonic conductivity. How protons are generated in solid oxides and how we can increase 
the proton concentration are discussed later. Regarding mobility, ionic mobility including 
that of protons is regarded as linked with the Nernst–Einstein relation, presented in 
equation (59), where D denotes the diffusion coefficient, R signifies the gas constant, z 
stands for the electric charge, and F represents the Faraday constant. The diffusion 
coefficient follows Arrhenius behavior. For that reason, the mobility of protons can also 
be expressed as the Arrhenius type shown in equation (60). The ionic conductivity can 
also be discussed as a function of inverse temperature shown in equation (61). 
 
 D = μ 𝑅𝑅𝑇𝑇
𝑧𝑧𝑧𝑧
 (59) 
 μ = μ0 1
𝑇𝑇
 exp (−𝛥𝛥𝐻𝐻
𝑅𝑅𝑇𝑇
) (60) 
 σ = σ0 exp (−𝛥𝛥𝐸𝐸
𝑅𝑅𝑇𝑇
) or σ0 1
𝑇𝑇
 exp (−𝛥𝛥𝐸𝐸
𝑅𝑅𝑇𝑇
) (61) 
 
With respect to the mechanism of proton conduction, two main mechanisms are well 
known to exist for proton conductivity. By one mechanism proton itself diffuses toward 
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the nearest O–H species through hydrogen bond, so-called Grotthuss mechanism (90). By 
the so-called vehicle mechanism, protons diffuse as hydrated ions (91). A schematic 
illustration of the mechanisms for proton conductivity is portrayed in Figure 1-9. The 
Grotthuss mechanism activation energy is reportedly a small value below 0.5 eV: smaller 
than that for vehicle mechanism of less than 1.0 eV (92). 
 
 
Figure 1-9 Schematic illustrations of mechanisms for proton conductivity 
 
Many materials have been reported as proton conductors. Among them, solid state 
protonic conductors are often classified in terms of the transported species, the type of 
synthesis for materials, operating temperature range, organic or inorganic compounds, 
and so on (93). As described specifically in this part, some materials in which protons are 
not contained stoichiometrically exist in equilibrium with ambient hydrogen or water 
vapor. Two ways exist to generate protons from supplied water vapor. Protons can be 
generated from interaction between water vapor and oxygen vacancy (94), as shown in 
equation (62). Alternatively, protons can be generated from acid–base properties of solid 
oxides (95), as shown in equation (63), where M denotes the adsorbed sites for water. 
 
 H2O + Oxo + V··o = 2OH·o’ (62) 
 M-OH + M-OH → M-O- + M-OH2+ (63) 
 
Regarding the former point, the reaction of equation (62) is generally exothermic. 
Therefore, low temperatures are favorable for proton production. By contrast, high 
temperatures are favorable for the formation of oxygen vacancy. Therefore, many 
researchers have devoted attention to acceptor doping to increase the proton concentration 
(96–102). Some data obtained with acceptor-doped materials are presented in Figure 1-10 as 
Arrhenius-type plots (93). Yttrium, barium, gadolinium, and strontium are the candidate 
dopants for achieving high proton conductivity toward BaCeO3 (96, 97), Ba2YSnO5.5 (98), 
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BaZrO3 (99) and perovskite-structure materials such as LaErO3 (100), LaPO4 (101), and 
BaPrO3 (102). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-10 Typical proton conductivities as a function of inverse temperature (93). 
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1.4.2 Proton conduction on the surface of solid oxides (Surface Protonics) 
 
In contrast to ionic conduction of interior solid electrolytes, proton conduction via 
adsorbed water onto oxides, so-called “Surface Protonics,” has been investigated 
especially since 2010. Some researchers used Y-stabilized ZrO2 (YSZ) (103, 104), TiO2 (105), 
and CeO2-based oxides (106) as nanocrystalline oxides. The peculiar dependence of surface 
conductivity on temperature is observed in Figure 1-11, which shows that the conductivity 
increases from a certain temperature at around 200 °C. At lower temperatures, water 
adsorption onto the oxides is favorable: water exudation from nanocrystalline oxides is 
observed (103). Therefore, one can reasonably infer that a layer of adsorbed water forms 
hydrogen bonding, yielding high protonic conductivity at low temperatures. 
 
 
Figure 1-11 Conductivity Arrhenius plots of YSZ (103). 
 
  Detailed mechanisms of surface protonic transport are studied from both electrical 
impedance spectroscopy (EIS) measurements (103, 104) and ab initio molecular dynamics 
simulation (107). Their experimentally obtained results with H-D isotope effect and 
transport number measurements elucidated that the surface protonic transport mechanism 
switched from the Grotthuss mechanism to the vehicle mechanism at temperatures lower 
than 50 °C under PH2O of 0.023 atm, as presented in Figure 1-11. In addition, the 
mechanism of surface protonic transport switched from the Grotthuss mechanism to the 
vehicle mechanism similarly when relative humidity (PH2O) increased at 25 °C, shown in 
Figure 1-12. These results suggest that both temperature and PH2O determine the water 
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layer structure on the YSZ surface (104). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-12 Isotope effect of porous YSZ as a function of relative humidity at 25 °C and 
schematic image of water layer structure on YSZ surface (104). 
 
As these studies demonstrated, it is expected that high protonic conductivity can be 
achieved even at low temperatures. Therefore, surface protonics might provide 
possibilities for the development of novel protonic conductors which would fill the “gap” 
presented in Figure 1-10. 
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1.5 Catalytic reaction in an electric field 
 
To promote catalytic reactions even at low temperatures, the application of DC 
electric field to catalyst bed was studied (108–121). A schematic image of the reactor for this 
process is portrayed in Figure 1-13. The reactor is a conventional fixed-bed flow-type 
reactor. Various metal-supported catalysts are used for this system. Two stainless 
electrodes are inserted into the catalyst bed. Then, direct current (DC) of several 
milliamperes is imposed to the catalyst bed, resulting in applied voltage of several 
hundred volts to the catalyst bed. The order of voltage is higher than in the NEMCA 
system (122) and electrolysis (123), but lower than the discharge process (43). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-13 Schematic image of the reactor for electric field application to the catalyst 
bed (110). 
 
This process is applied widely to various catalyses: degradation of ethanol (108), steam 
reforming of methane and ethanol (109, 110, 113), oxidative coupling of methane (111, 112, 114, 
116, 120) including CO2 utilization (119), water–gas shift reaction (115, 117), and dry reforming 
of methane (118). 
 
For steam reforming of methane in an electric field, so-called “Electreforming,” 
metal (Pt, Pd, Rh, and Ni) catalysts supported on CeO2 based support were used. Catalytic 
High Voltage
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Gas Outlet
Gas Inlet
Catalyst Bed
Thermocouple
Quartz Tube Reactor
Ground 
Electrode
I
V
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activity tests were conducted with or without an electric field (110). Figure 1-14 presents 
activities for methane steam reforming at various temperatures with or without an electric 
field. When CeO2 was used as a catalyst support, the activities increased with the electric 
field application even at the low temperature of 473 K. In addition, when Pd catalysts 
supported on Zr doped CeO2 (CexZr1-xO2) were used instead of CeO2 support, the 
activities increased more. The highest activity of methane conversion at low temperatures 
of around 550 K, 40%, was achieved with a catalyst support of Ce0.25Zr0.75O2 and 
electrical power consumption of about 130 MJ / kg-H2. Therefore, methane was converted 
into hydrogen with less energy consumption. 
 
  
Figure 1-14 Activities for steam reforming of methane over various catalysts with or 
without an electric field (110). 
 
The rate of hydrogen formation was 400 times higher than the amount of imposed 
electrons, indicating that the reaction is non-Faradaic and efficient. Another benefit of 
this process is that rapid operation would be possible only with application of an electric 
field at low temperatures. Therefore, this process might provide novel prospects for 
developing small-scale and efficient catalytic processes at low temperatures. 
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1.6 Aims of the thesis 
 
As described above, a process combining catalysis and electric field might achieve 
high yields of hydrogen and ammonia even under mild conditions with less electric 
energy consumption. Therefore, this process is regarded as applicable to both steam 
reforming of methane and to ammonia synthesis. Especially for steam reforming of 
methane, it was reported that the electric field application promoted the reaction at low 
temperatures below 473 K (110), as described in section 1.5. However, the reason why the 
reaction proceeded even at low temperatures with electric field remains unclear. 
 
Therefore, the aims of this thesis are presented below. 
(I) To achieve high yields of hydrogen and ammonia efficiently under mild conditions 
through catalytic steam reforming of methane and ammonia synthesis with the electric 
field application 
(II) To elucidate the effects of electric field application on both steam reforming of 
methane and ammonia synthesis 
(III) To reveal the reaction mechanisms for both steam reforming of methane and 
ammonia synthesis in an electric field 
 
To achieve these aims, activity tests were conducted with optimized catalysts from 
screening tests for both reactions. The nature of catalysts was also examined via various 
characterization tests. To observe adsorbates when the electric field is applied to the 
catalyst bed, in-situ/operando IR measurements were conducted with an originally 
customized cell. Additionally, it is important to elucidate which carrier would be 
transported during the electric field application to catalysis and how carrier conduction 
affected catalysis. Therefore, AC impedance measurements were conducted for the 
catalyst support materials to extract and analyze surface conductivity. Based on these 
investigations with various aspects, scientific principles of combining catalysis and 
electric fields are considered. 
 
 
 
 
 
 
 
29 
 
References 
 
1. J. R. Rostrup-Nielsen, “Activity of Nickel Catalyst for Steam Reforming of 
Hydrocarbons,” J. Catal. 31 (1973) 173–199. 
2. X. Wang and R. J. Gorte, “A study of steam reforming of hydrocarbon fuels on Pd/ceria,” 
Appl. Catal. A. Gen. 224 (2002) 209–218. 
3. N. Laosiripojana and S. Assabumrungrat, “Methane steam reforming over Ni/Ce-ZrO2 
catalyst: Influences of Ce-ZrO2 support on reactivity, resistance toward carbon 
formation, and intrinsic reaction kinetics,” Appl. Catal. A. Gen. 290 (2005) 200–211. 
4. K. Urasaki, Y. Sekine, S. Kawabe, E. Kikuchi, and M. Matsukata, “Catalytic activities 
and coking resistance of Ni/perovskites in steam reforming of methane,” Appl. Catal. 
A. Gen. 286 (2005) 23–29. 
5. E. Kikuchi, E. Tanaka, Y. Yamazaki, and Y. Morita, Bull. Jpn. Petrol. Inst. 16 (1974) 
95. 
6. O. Yamazaki, K. Tomishige, and K. Fujimoto, “Development of highly stable nickel 
catalyst for methane–steam reaction under low steam to carbon ratio,” Appl. Catal. A. 
Gen. 136 (1996) 49–56. 
7. T. Borowiecki, “Nickel catalysts for steam reforming of hydrocarbons: phase 
composition and resistance to coking,” Appl. Catal. 10 (1984) 273–289. 
8. Z. Zhang and X. E. Verykios, “Carbon dioxide reforming of methane to synthesis gas 
over Ni/La2O3 catalysts,” Appl. Catal. A. Gen. 138 (1996) 109–133. 
9. E. C. Vagia and A. A. Lemonidou, “Hydrogen production via steam reforming of bio-
oil components over calcium aluminate supported nickel and noble metal catalysts,” 
Appl. Catal. A. Gen. 351 (2008) 111–121. 
10. F. Frusteri, S. Freni, V. Chiodo, L. Spadaro, O. Di Blasi, G. Bonura, and S. Cavallaro, 
“Steam reforming of bio-ethanol on alkali-doped Ni/MgO catalysts: hydrogen 
production for MC fuel cell,” Appl. Catal. A. Gen. 270 (2004) 1–7. 
11. J. Wei and E. Iglesia, “Isotopic and kinetic assessment of the mechanism of methane 
reforming and decomposition reactions on supported iridium catalysts,” Phys. Chem. 
Chem. Phys. 6 (2004) 3754–3759. 
12. J. Wei and E. Iglesia, “Reaction Pathways and Site Requirements for the Activation 
and Chemical Conversion of Methane on Ru-Based Catalysts” J. Phys. Chem. B. 108 
(2004) 7253–7262. 
13. J. Wei and E. Iglesia, “Mechanism and Site Requirements for Activation and 
Chemical Conversion of Methane on Supported Pt Clusters and Turnover Rate 
Comparisons among Noble Metals,” J. Phys. Chem. B. 108 (2004) 4094–4103. 
30 
 
14. J. Wei and E. Iglesia, “Structural requirements and reaction pathways in methane 
activation and chemical conversion catalyzed by rhodium,” J. Catal. 225 (2004) 116–
127. 
15. J. Wei and E. Iglesia, “Isotopic and kinetic assessment of the mechanism of reactions 
of CH4 with CO2 or H2O to form synthesis gas and carbon on nickel catalysts,” J. 
Catal. 224 (2004) 370–383. 
16. A. Yamaguchi and E. Iglesia, “Catalytic activation and reforming of methane on 
supported palladium clusters,” J. Catal. 274 (2010) 52–63. 
17. A. Mittaschi and W. Frankenburg, “Early Studies of Multicomponent Catalysts,” Adv. 
Catal. 2 (1950) 81–104. 
18. G. Ertl, “Surface Science and Catalysis – Studies of the Mechanism of Ammonia 
Synthesis: The P. H. Emmett Award Address,” Catal. Rev. Sci. Eng. 21 (1980) 201–
223. 
19. K. Aika, H. Hori, and A. Ozaki, “Activation of nitrogen by alkali metal promoted 
transition metal I. Ammonia synthesis over ruthenium promoted by alkali metal,” J. 
Catal. 27 (1972) 424–431. 
20. Z. Kowalczyk, S. Jodzis, W. Rarog, J. Zielinski, and J. Pielaszek, “Effect of potassium 
and barium on the stability of a carbon-supported ruthenium catalyst for the synthesis 
of ammonia,” Appl. Catal. A. Gen. 173 (1998) 153–160. 
21. K. Aika, T. Kawahara, S. Murata, and T. Onishi, “Promoter Effect of Alkali Metal 
Oxides and Alkali Earth Metal Oxides on Active Carbon-Supported Ruthenium 
Catalyst for Ammonia Synthesis,” Bull. Chem. Soc. Jpn. 63 (1990) 1221–1225. 
22. Y. Niwa and K. Aika, “The Effect of Lanthanide Oxides as a Support for Ruthenium 
Catalysts in Ammonia Synthesis,” J. Catal. 162 (1996) 138–142. 
23. N. D. Spencer, R. C. Schoonmaker, and G. A. Somorjai, “Iron single crystals as 
ammonia synthesis catalysts: Effect of surface structure on catalyst activity,” J. Catal. 
74 (1982) 129–135. 
24. K. Aika, M. Kumasaka, T. Oma, O. Kato, H. Matsuda, N. Watanabe, K. Yamazaki, A. 
Ozaki, and T. Onishi, “Support and promoter effect of ruthenium catalyst. III. Kinetics 
of ammonia synthesis over various Ru catalysts,” Appl. Catal. 28 (1986) 57–68. 
25. F. Rosouski, A. Hornung, O. Hinrichsen, D. Herein, M. Muhler, and G. Ertl, 
“Ruthenium catalysts for ammonia synthesis at high pressures: Preparation, 
characterization, and power-law kinetics,” Appl. Catal. A. Gen. 151 (1997) 443–460. 
26. H. Bielawa, O. Hinrichsen, A. Birkner, and M. Muhler, “The Ammonia-Synthesis 
Catalyst of the Next Generation: Barium-Promoted Oxide-Supported Ruthenium,” 
Angew. Chem. 40 (2001) 1061–1063. 
31 
 
27. S. Hagen, R. Barfod, R. Fehrmann, C. J. H. Jacobsen, H. T. Teunissen, and L. B. 
Chorkendorff, “Ammonia synthesis with barium-promoted iron–cobalt alloys 
supported on carbon,” J. Catal. 214 (2003) 327–335. 
28. F. Y. Hansen, N. E. Henriksen, and G. D. Billing, “New insight in the microscopic 
mechanism of the catalytic synthesis of ammonia,” Surf. Sci. 324 (1995) 55–68. 
29. K. Urabe, K. Aika, and A. Ozaki, “Activation of nitrogen by alkali metal-promoted 
transition metal: IV. Effect of potassium on the kinetics of isotopic equilibration of 
nitrogen on ruthenium catalysts,” J. Catal. 38 (1975) 430–434. 
30. C. T. Fishel, R. J. Davis and J. M. Garces, “Ammonia Synthesis Catalyzed by 
Ruthenium Supported on Basic Zeolites,” J. Catal. 163 (1996) 148–157. 
31. K. Aika, J. Kubota, Y. Kadowaki, Y. Niwa, and Y. Izumi, “Molecular sensing 
techniques for the characterization and design of new ammonia catalysts,” Appl. Surf. 
Sci. 121–122 (1997) 488–491. 
32. K. Aika, “Role of alkali promoter in ammonia synthesis over ruthenium catalysts—
Effect on reaction mechanism,” Catal. Today 286 (2017) 14–20. 
33. L. Bromberg, D. R. Cohn, and A. Rabinovich, “Plasma Reforming of Methane,” 
Energy Fuels 12 (1998) 11–18. 
34. A. Czemichowski, “Gliding arc: Applications to engineering and environmental 
control,” Pure and Appl. Chem. 66(6) (1994). 
35. A. Czemichowski, “Glidarc Assisted Preparation of the Synthesis Gas from Natural 
and Waste Hydrocarbons Gases,” Oil Gas Sci. Tech. 56 (2001) 181–198. 
36. S. Kado, Y. Sekine and K. Fujimoto, “Direct synthesis of acetylene from methane by 
direct current pulse discharge,” Chem. Commun. 24 (1999) 2485–2486. 
37. S. Kado, K. Urasaki, Y. Sekine, and K. Fujimoto, “Low temperature reforming of 
methane to synthesis gas with direct current pulse discharge method,” Chem. Commun. 
0 (2001) 415–416. 
38. M. Kraus, B. Eliasson, U. Kogelschatz, and A. Wokaun, “CO2 reforming of methane 
by the combination of dielectric-barrier discharges,” Phys. Chem. Chem. Phys. 3 
(2001) 294–300. 
39. T. Jiang, Y. Li, C. Liu, G. Xu, B. Eliasson, and B. Xue, “Plasma methane conversion 
using dielectric-barrier discharges with zeolite A,” Catal. Today 72 (2002) 229–235. 
40. S. Kado, K. Urasaki, Y. Sekine, and K. Fujimoto, “Direct conversion of methane to 
acetylene or syngas at room temperature using non-equilibrium pulsed discharge,” 
Fuel 82 (2003) 1377–1385. 
41. S. Kado, K. Urasaki, Y. Sekine, K. Fujimoto, T. Nozaki, and K. Ozaki, “Reaction 
mechanism of methane activation using non-equilibrium pulsed discharge at room 
32 
 
temperature,” Fuel 82 (2003) 2291–2297. 
42. S. Kado, Y. Sekine, T. Nozaki, and K. Ozaki, “Diagnosis of atmospheric pressure low 
temperature plasma and application to high efficient methane conversion,” Catal. 
Today 89 (2004) 47–55. 
43. Y. Sekine, K. Urasaki, S. Kado, M. Matsukata, and E. Kikuchi, “Nonequilibrium 
Pulsed Discharge: A Novel Method for Steam Reforming of Hydrocarbons or 
Alcohols,” Energy Fuels 18 (2004) 455–459. 
44. Y. Sekine, S. Asai, K. Urasaki, M. Matsukata, E. Kikuchi, S. Kado, and F. Haga, 
“Hydrogen Production from Biomass-Ethanol at Ambient Temperature with Novel 
Diaphragm Reactor,” Chem. Lett. 34 (2005) 658–659. 
45. Y. Sekine, K. Urasaki, S. Asai, M. Matsukata, E. Kikuchi, and S. Kado, “A novel 
method for hydrogen production from liquid ethanol / water at room temperature,” 
Chem. Commun. 0 (2005) 78–79. 
46. Y. Sekine, J. Yamadera, S. Kado, M. Matsukata, and E. Kikuchi, “High efficiency Dry 
Reforming of Biomethane Directly Using Pulsed Electric Discharge at Ambient 
Condition,” Energy Fuels 22 (2008) 693–694. 
47. Y. Sekine, J. Yamadera, M. Matsukata, and E. Kikuchi, “Simultaneous dry reforming 
and desulfurization of biomethane with non-equilibrium electric discharge at ambient 
temperature,” Chem. Eng. Sci. 65 (2010) 487–491. 
48. Y. Sekine, N. Furukawa, M. Matsukata, and E. Kikuchi, “Coke-free dry reforming of 
model diesel fuel by a pulsed spark plasma at low temperatures using an exhaust gas 
recirculation (EGR) system,” J. Phys. D 44 (2011) 274004. 
49. C. Liu, A. Marafee, B. Hill, G. Xu, R. Mallinson, and L. Lobban, “Oxidative Coupling 
of Methane with ac and dc Corona Discharges,” Ind. Eng. Chem. Res. 35 (1996) 
3295–3301. 
50. C. Liu, A. Marafee, R. Mallinson, and L. Lobban, “Methane conversion to higher 
hydrocarbons in a corona discharge over metal oxide catalysts with OH groups,” Appl. 
Catal. A. Gen. 164 (1997) 21–33. 
51. A. Marafee, C. Liu, G. Xu, R. Mallinson, and L. Lobban, “An Experimental Study on 
the Oxidative Coupling of Methane in a Direct Current Corona Discharge Reactor 
over Sr/La2O3 Catalyst,” Ind. Eng. Chem. Res. 36 (1997) 632–637. 
52. T. Nozaki, N. Muto, S. Kado, and K. Okazaki, “Dissociation of vibrationally excited 
methane on Ni catalyst: Part 1. Application to methane steam reforming,” Catal. 
Today 89 (2004) 57–65. 
53. K. S. Yin and M. Venugopalan, “Plasma Chemical Synthesis. I. Effect of Electrode 
Material on the Synthesis of Ammonia,” Plasma Chem. Plasma Process. 3 (1983) 
33 
 
343–350. 
54. M. Bai, Z. Zhang, X. Bai M. Bai, and W. Ning, “Plasma Synthesis of Ammonia With 
a Microgap Dielectric Barrier Discharge at Ambient Pressure,” IEEE Trans. Plasma. 
Sci. 31 (2003) 1285–1291. 
55. H. Kiyooka and O. Matsumoto, “Reaction Scheme of Ammonia Synthesis in the ECR 
Plasmas,” Plasma Chem. Plasma Process. 16 (1996) 547–562. 
56. P. Peng, Y. Li, Y. Cheng, S. Deng, P. Chen, and R. Ruan, “Atmospheric Pressure 
Ammonia Synthesis Using Non-thermal Plasma Assisted Catalysis,” Plasma Chem. 
Plasma Process. 36 (2016) 1201–1210. 
57. I. V. Yentekakis, Y. Jiang, S. Neophytides, S. Bebelis, and C. G. Vayenas, “Catalysis, 
electrocatalysis and electrochemical promotion of the steam reforming of methane 
over Ni film and Ni-YSZ cermet anodes,” Ionics 1 (1995) 491–495. 
58. A. Caravaca, A. de Lucas-Consuegra, J. Gonzalez-Cobos, J. L. Valverde, and F. 
Dorado, “Simultaneous production of H2 and C2 hydrocarbons by gas phase 
electrocatalysis,” Appl. Catal. B. Environ.113 (2012) 192–200. 
59. T. Murakami, T. Nishikiori, T. Nohira, and Y. Ito, “Electrolytic Synthesis of Ammonia 
in Molten Salts under Atmospheric Pressure,” J. Am. Chem. Soc. 125 (2003) 334–335. 
60. T. Murakami, T. Nohira, T. Goto, Y. H. Ogata, and Y. Ito, “Electrolytic ammonia 
synthesis from water and nitrogen gas in molten salt under atmospheric pressure,” 
Electrochemica Acta 50 (2005) 5423–5426. 
61. G. C. Xu, R. Q. Liu, and J. Wang, “Electrochemical synthesis of ammonia using a cell 
with a Nafion membrane and SmFe0.7Cu0.3−xNixO3 (x = 0−0.3) cathode at atmospheric 
pressure and lower temperature,” Science in China Series B: Chemistry 52 (2009) 
1171–1175. 
62. I. A. Amar, R. Lana, and S. Tao, “Synthesis of ammonia directly from wet nitrogen 
using a redox stable La0.75Sr0.25Cr0.5Fe0.5O3-δ– Ce0.8Gd0.18Ca0.02O2-δ composite 
cathode,” RSC Adv. 5 (2015) 38977–38983. 
63. G. Qing, R. Kikuchi, S. Kishira, A. Takagaki, T. Sugawara, and S. T. Oyama, 
“Ammonia Synthesis by N2 and Steam Electrolysis in Solid-State Cells at 220°C and 
Atmospheric Pressure,” J. Electrochem. Soc. 163 (2016) E282–E287. 
64. M. Stoukides and C. G. Vayenas, “The effect of electrochemical oxygen pumping on 
the rate and selectivity of ethylene oxidation on polycrystalline silver,” J. Catal. 70 
(1981) 137–146. 
65. C. G. Vayenas, S. Bebelis, and S. Neophytides, “Non-Faradaic electrochemical 
modification of catalytic activity,” J. Phys. Chem. 92 (1988) 5083–5085. 
66. J. Pritchard, “Electrochemical promotion,” Nature 343 (1990) 592–593. 
34 
 
67. A. Katsaounis, “Recent developments and trends in the electrochemical promotion of 
catalysis (EPOC),” J. Appl. Electrochem. 40 (2010) 885–902. 
68. C. Kokkofitis, M. Ouzounidou, A. Skodra, and M. Stoukides, “High temperature 
proton conductors: Applications in catalytic processes,” Solid State Ionics 178 (2007) 
507–513. 
69. I. V. Yentekakis, Y. Jiang S. Neophytides, S. Bebelis, and C. G. Vayenas, “Catalysis, 
Electrocatalysis and Electrochemical Promotion of the Steam Reforming of Methane 
over Ni Film and Ni-YSZ Cermet Anodes,” Ionics 1 (1995) 491–498. 
70. A. de Lucas-Consuegra, A. Caravaca, P. J. Martinez, J. L. Endrino, F. Dorado, and J. 
L. Valverde, “Development of a new electrochemical catalyst with an 
electrochemically assisted regeneration ability for H2 production at low temperatures,” 
J. Catal. 274 (2010) 251–258. 
71. A. Caravaca, A. de Lucas-Consuegra, C. Molina-Mora, J. L. Valverde, and F. Dorado, 
“Enhanced H2 formation by electrochemical promotion in a single chamber steam 
electrolysis cell,” Appl. Catal. B. Environ. 106 (2011) 54–62. 
72. C. Jimenez-Borja, F. Dorado, A. de Lucas-Consuegra, J. M. Garcia-Vargas, and J. L. 
Valverde, “Complete oxidation of methane on Pd/YSZ and Pd/CeO2/YSZ by 
electrochemical promotion,” Catal. Today 146 (2009) 326–329. 
73. M. Ouzounidou, A. Skodra, C. Kokkohitis, and M. Stoukides, “Catalytic and 
electrocatalytic synthesis of NH3 in a H+conducting cell using an industrial Fe 
catalyst,” Solid State Ionics 178 (2007) 153–159. 
74. C. G. Yiokari, G. E. Pitselis, D. G. Polydoros, A. D. Katsounis, and C. G. Vayenas, 
“High-Pressure Electrochemical Promotion of Ammonia Synthesis over an Industrial 
Iron,” J. Phys. Chem. A 104 (2000) 10600–10602. 
75. G. Marnellos, S. Zisekas, and M. Stoukides, “Synthesis of Ammonia at Atmospheric 
Pressure with the Use of Solid State Proton Conductors,” J. Catal. 193 (2000) 80–87. 
76. V. Kiriyakou, C. Athanasiou, I. Garagounis, A. Skodra, and M. Stoukides, 
“Production of H2 and C2 hydrocarbons from methane in a proton conducting solid 
electrolyte cell using a Au–5Ce–5Na2WO4/SiO2 anode,” Int. J. Hydrogen Energy 37 
(2012) 16636–16641. 
77. I. Garagounis, V. Kyriakou, and M. Stoukides, “Electrochemical promotion of 
catalytic reactions: Thermodynamic analysis and calculation of the limits in Faradaic 
Efficiency,” Solid State Ionics 231 (2013) 58–62. 
78. C. G. Vayenas, S. Bebelis, and S. Ladas, “Dependence of catalytic rates on catalyst 
work function,” Nature 343 (1990) 625. 
79. A. Yamamoto, S. Mizuba, Y. Saeki, and H. Yoshida, “Platinum loaded sodium 
35 
 
tantalate photocatalysts prepared by a flux method for photocatalytic steam reforming 
of methane,” Appl. Catal. A. Gen. 521 (2016) 125–132. 
80. M. Kitano, Y. Inoue, Y. Yamazaki, F. Hayashi, S. Kanbara, S. Matsuishi, T. Yokoyama, 
S. Kim, M. Hara, and H. Hosono, “Ammonia synthesis using a stable electride as an 
electron donor and reversible hydrogen store,” Nat. Chem. 4 (2012) 934–940. 
81. M. Kitano, S. Kanbara, Y. Inoue, N. Kuganathan, P. V. Sushko, T. Yokoyama, M. Hara, 
and H. Hosono, “Electride support boosts nitrogen dissociation over ruthenium 
catalyst and shifts the bottleneck in ammonia synthesis,” Nat. Commun. 6 (2015) 1–
9. 
82. M. Kitano, Y. Inoue, H. Ishikawa, K. Yamagata, T. Nakao, T. Tada, S. Matsuishi, T. 
Yokoyama, M. Hara, and H. Hosono, “Essential role of hydride ion in ruthenium-
based ammonia synthesis catalysts,” Chem. Sci. 7 (2016) 4036–4043. 
83. Y. Inoue, M. Kitano, K. Kishida, H. Abe, Y. Niwa M. Sasase, Y. Fujita, H. Ishikawa, 
T. Yokoyama, M. Hara, and H. Hosono, “Efficient and Stable Ammonia Synthesis by 
Self-Organized Flat Ru Nanoparticles on Calcium Amide,” ACS Catal. 6 (2016) 
7577–7584. 
84. K. Sato, K. Imamura, Y. Kawano, S. Miyahara, T. Yamamoto, S. Matsumura, and K. 
Nagaoka, “A low-crystalline ruthenium nano-layer supported on praseodymium oxide 
as an active catalyst for ammonia synthesis,” Chem. Sci. 8 (2017) 674–679. 
85. K. Arashiba, Y. Miyake, and Y. Nishibayashi, “A molybdenum complex bearing PNP-
type pincer ligands leads to the catalytic reduction of dinitrogen into ammonia,” Nat. 
Chem. 3 (2011) 120–125. 
86. A. Eizawa, K. Arashiba, H. Tanaka, H. Tanaka, S. Kuriyama, Y. Matsuo, K. Nakajima, 
K. Yoshizawa, and Y. Nishibayashi, “Remarkable catalytic activity of dinitrogen-
bridged dimolybdenum complexes bearing NHC-based PCP-pincer ligands toward 
nitrogen fixation,” Nat. Commun. 8 (2017) 14874. 
87. S. Kuriyama, K. Arashiba, K. Nakajima, Y. Matsuo, H. Tanaka, K. Ishii, K. Yoshizawa, 
and Y. Nishibayashi, “Catalytic transformation of dinitrogen into ammonia and 
hydrazine by iron–dinitrogen complexes bearing pincer ligand,” Nat. Commun. 7 
(2016) 12181. 
88. S. Kuriyama, K. Arashiba, H. Tanaka, Y. Matsuo, K. Nakajima, K. Yoshizawa, and Y. 
Nishibayashi, “Direct Transformation of Molecular Dinitrogen into Ammonia 
Catalyzed by Cobalt Dinitrogen Complexes Bearing Anionic PNP Pincer Ligands,” 
Angew. Chem. 55 (2016) 14291–14295. 
89. T. Shima, S. Hu, G. Luo, X. Kang, Y. Luo, and Z. Hou, “Dinitrogen Cleavage and 
Hydrogenation by a Trinuclear Titanium Polyhydride Complex,” Science 28 (2013) 
36 
 
1549–1552. 
90. N. Agmon, “The Grotthuss mechanism,” Chem. Phys. Lett. 244 (1995) 456–462. 
91. K. D. Kreuer, A. Rabenau and W. Weppner, “Vehicle Mechanism, A New Model for 
the Interpretation of the Conductivity of Fast Proton Conductors,” Angew. Chem. 21 
(1982) 208–209. 
92. K. D. Kreuer, “On the complexity of proton conduction phenomena,” Solid State 
Ionics 136–137 (2000) 149–160. 
93. T. Norby, “Solid-state protonic conductors: principles, properties, progress and 
prospects,” Solid State Ionics 125 (1999) 1–11. 
94. T. Norby, “Proton Conduction in Solids: Bulk and Interfaces,” MRS Bulletin 34 (2009) 
923–928. 
95. J. H. Anderson and G. A. Parks, “The Electrical Conductivity of Silica Gel in the 
Presence of Adsorbed Water,” J. Phys. Chem. 72 (1968) 3662–3667. 
96. K. D. Kreuer, T. Dippel, Y. M. Baikov, and J. Maier, “Water solubility, proton and 
oxygen diffusion in acceptor doped BaCeO3: A single crystal analysis,” Solid State 
Ionics 86–88 (1996) 613–620. 
97. T. Norby and Y. Larring, “Concentration and transport of protons in oxides,” Solid 
State Mater. Sci. 2 (1997) 593–599. 
98. K. D. Kreuer, “On the development of proton conducting materials for technological 
applications,” Solid State Ionics 97 (1997) 1–15. 
99. K. D. Kreuer, “Aspects of the formation and mobility of protonic charge carriers and 
the stability of perovskite-type oxides,” Solid State Ionics 125 (1999) 285–302. 
100. Y. Larring and T. Norby, “Protons in LaErO3,” Solid State Ionics 70–71 (1994) 305–
310. 
101. T. Norby and N. Christiansen, “Proton conduction in Ca- and Sr-substituted LaPO4,” 
Solid State Ionics 77 (1995) 240–243. 
102. T. Fukui, S. Ohara, and S. Kawatsu, “Conductivity of BaPrO3 based perovskite 
oxides,” J. Power Sources 71 (1998) 164–168. 
103. S. Miyoshi, Y. Akao, N. Kuwata, J. Kawamura, Y. Oyama T. Yagi, and S. Yamaguchi, 
“Low–Temperature Protonic Conduction Based on Surface Protonics: An Example of 
Nanostructured Yttria-Doped Zirconia,” Chem. Mater. 26 (2014) 5194–5200. 
104. S. Ø. Stub, E. Vøllestad, and T. Norby, “Mechanisms of Protonic Surface Transport 
in Porous Oxides: Example of YSZ,” J. Phys. Chem. C 121 (2017) 12817–12825. 
105. I. G. Tredici, F. Maglia, C. Ferrara, P. Mustarelli, and U. Anselmi-Tamburini, 
“Mechanism of Low-Temperature Protonic Conductivity in Bulk, High-Density, 
Nanometric Titanium Oxide,” Adv. Funct. Mater. 24 (2014) 5137–5146. 
37 
 
106. M. Shirpour, G. Gregori, R. Merkle, and J. Maier, “On the proton conductivity in 
pure and gadolinium doped nanocrystalline cerium oxide,” Phys. Chem. Chem. Phys. 
13 (2011) 937–940. 
107. R. Sato, S. Ohkuma, Y. Shibuta, F. Shimojo, and S. Yamaguchi, “Proton Migration 
on Hydrated Surface of Cubic ZrO2: Ab initio Molecular Dynamics Simulation,” J. 
Phys. Chem. C 119 (2015) 28925–28933. 
108. Y. Sekine, M. Tomioka, M. Matsukata, and E. Kikuchi, “Catalytic degradation of 
ethanol in an electric field,” Catal. Today 146 (2009) 183–187. 
109. Y. Sekine, M. Haraguchi, M. Tomioka, M. Matsukata, and E. Kikuchi, “Low-
Temperature Hydrogen Production by Highly Efficient Catalytic System Assisted by 
an Electric Field,” J. Phys. Chem. A 114 (2010) 3824–3833. 
110. Y. Sekine, M. Haraguchi, M. Matsukata, and E. Kikuchi, “Low temperature steam 
reforming of methane over metal catalyst supported on CexZr1−xO2 in an electric field,” 
Catal. Today 171 (2011) 116–125. 
111. K. Tanaka, Y. Sekine, K. Oshima, Y. Tanaka, M. Matsukata, and E. Kikuchi, 
“Catalytic Oxidative Coupling of Methane Assisted by Electric Power over a 
Semiconductor Catalyst,” Chem. Lett. 41 (2012) 351–353. 
112. K. Oshima, K. Tanaka, T. Yabe, and Y. Sekine, “Catalytic oxidative coupling of 
methane with a dark current in an electric field at low external temperature,” Int. J. 
Plasama Environ. Sci. Technol. 6 (2012) 266–171. 
113. K. Oshima, T. Shinagawa, M. Haraguchi, and Y. Sekine, “Low temperature hydrogen 
production by catalytic steam reforming of methane in an electric field,” Int. J. 
Hydrogen Energy 38 (2013) 3003–3011. 
114. K. Oshima, K. Tanaka, T. Yabe, E. Kikuchi, and Y. Sekine, “Oxidative coupling of 
methane using carbon dioxide in an electric field over La–ZrO2 catalyst at low 
external temperature,” Fuel 107 (2013) 879–881. 
115. K. Oshima, T. Shinagawa, Y. Nogami, R. Manabe S. Ogo, and Y. Sekine, “Low 
temperature catalytic reverse water gas shift reaction assisted by an electric field,” 
Catal. Today 232 (2014) 27–32. 
116. K. Sugiura, S. Ogo, K. Iwasaki, T. Yabe, and Y. Sekine, “Low-temperature catalytic 
oxidative coupling of methane in an electric field over a Ce–W–O catalyst system,” 
Sci. Rep. 6 (2016) 25154. 
117. Y. Sekine, K. Yamagishi, Y. Nogami, R. Manabe, K. Oshima, and S. Ogo, “Low 
Temperature Catalytic Water Gas Shift in an Electric Field,” Catal. Lett. 146 (2016) 
1423–1428. 
118. T. Yabe, K. Mitarai, K. Oshima, S. Ogo, and Y. Sekine, “Low-temperature dry 
38 
 
reforming of methane to produce syngas in an electric field over La-doped 
Ni/ZrO2 catalysts,” Fuel Process. Technol. 158 (2017) 96–103. 
119. T. Yabe, Y. Kamite, K. Sugiura, S. Ogo, and Y. Sekine, “Low-temperature oxidative 
coupling of methane in an electric field using carbon dioxide over Ca-doped 
LaAlO3 perovskite oxide catalysts,” J. CO2 Utilization 20 (2017) 156–162. 
120. S. Ogo, K. Iwasaki, K. Sugiura, A. Sato, T. Yabe, and Y. Sekine, “Catalytic oxidative 
conversion of methane and ethane over polyoxometalate-derived catalysts in electric 
field at low temperature,” Catal. Today in press. 
121. S. Ogo and Y. Sekine, “Catalytic Reaction Assisted by Plasma or Electric Field,” 
Chem. Record 17 (2017) 726–738. 
122. A. D. Frantzis, S. Bebelis, and C. G. Vaynas, “Electrochemical promotion (NEMCA) 
of CH4 and C2H4 oxidation on Pd/YSZ and investigation of the origin of NEMCA via 
AC impedance spectroscopy,” Solid State Ionics 136–137 (2000) 863–872. 
123. A. Inoishi, Y. W. Ju, S. Ida, and T. Ishihara, “Fe–air rechargeable battery using oxide 
ion conducting electrolyte of Y2O3 stabilized ZrO2,” J. Power Sources 229 (2013) 12–
15. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
39 
 
Chapter 2   Catalytic steam reforming of methane in an 
electric field 
 
2.1 Introduction 
 
Hydrogen has been used industrially for petroleum refining and to synthesize 
ammonia and methanol. Recently, hydrogen has attracted attention for wider use as a 
secondary energy source for hydrogen combustion or fuel cell utilization because 
hydrogen can be converted easily into electric power, emitting only water from the 
reaction. Hydrogen demand is expected to increase along with the increasing use of fuel 
cell vehicles and home fuel cell systems. Catalytic steam reforming (SR) is now the most 
widely used method to produce hydrogen. The methane steam reforming reaction formula 
is presented below. 
 
 CH4 + 2H2O → CO2 + 4H2      ∆H0298 = 165 kJ mol-1 (1) 
 
Generally, methane steam reforming is conducted at high temperatures (923–1123 
K) with Ni catalysts (1–3) because of thermodynamic equilibrium and because of methane 
molecule stability. However, such high reaction temperatures raise some issues such as 
the necessity for expensive materials that can tolerate at high temperatures, catalyst 
deactivation, and complex processes with multiple heat-exchangers. Therefore, lowering 
the reaction temperatures can provide promising alternatives: low-grade waste heat might 
be reused effectively for hydrogen production because gaseous hydrogen itself has a high 
exergy ratio of 83% (4, 5). Lowering steam reforming temperatures not only has the 
potential to improve the hydrogen production efficiency, but also has high potential for 
waste heat recovery. This contribution can engender more efficient heat and chemical 
energy conversion processing. 
 
Various methods have been investigated to lower reaction temperatures. Auto 
thermal reforming (ATR) (6–8), which combines steam reforming and hydrocarbon 
combustion (using exothermic reactions), can operate at around 823 K. This process is 
simple, but nitrogen is included in its products, except when used with air separation. The 
process using non-equilibrium plasma (9–12) shows high activity, even at ambient 
temperature, but the process consumes great amounts of electrical power. A non-Faradaic 
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reaction (13) shows high activity with less electric power consumption because of the 
change of O2- mobility and the work function of the catalyst surface. Especially non-
Faradaic electrochemical modification of catalytic activity (NEMCA) has been 
investigated at temperatures of around 673 K (14–15). 
 
Our earlier studies (16–18) revealed that a steam reforming process that takes place in 
an electric field, Electreforming (ER), shows high activity even at a low temperature of 
423 K. For ER, Pt or Pd catalyst supported on CeO2-based oxide are effective catalysts. 
Activities increased drastically by the application of an electric field with low electric 
power consumption of 130 MJ / kg-H2. However, the reason the reaction proceeded with 
application of the electric field was uncertain. Therefore, the aims of this study are to 
elucidate the electric field effects on catalytic methane steam reforming and the reaction 
mechanism for Electreforming. To achieve these aims, kinetic analyses, conducted 
particularly with isotopes, and operando-IR measurements were conducted with Pd 
catalyst supported on CeO2. Results show that application of the electric field promoted 
surface protonics. Moreover, it enabled catalytic steam reforming even at the low 
temperature of 423 K. 
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2.2 Experimental 
 
2.2.1 Catalyst preparation 
 
For this study, CeO2 (JRC-CEO-1) was used as the catalyst support. Using CeO2, Pd-
supported catalyst (Pd/CeO2) was prepared with an impregnation method. Pd(OCOCH3) 
(Kanto Chemical Co. Inc.) was used as a metal precursor. First the distilled water solvent 
with CeO2 was evaporated at room temperature (298 K) in vacuo for 2 h. Then the solvent 
with Pd precursor was added and stirred for another 2 h. After the obtained solution was 
heated and stirred at 343 K, it was dried at 393 K for 20 h. The dried sample was heated 
in an oven at 973 K for 12 h. The respective Pd contents were 0.5, 1, 2, 3, and 5 wt%. The 
prepared catalyst was crushed to particles of 355–500 μm. 
 
2.2.2 Activity tests 
 
For all activity tests, a quartz tube (6.0 mm i.d.) was used as a fixed-bed flow-type 
reactor. Two stainless steel rods (2 mm o.d.) were inserted into the reactor as electrodes. 
The upper electrode was set on the top of the catalyst bed. The ground electrode was set 
on the bottom of the catalyst bed. The electrode gap distance was fixed at 1.1 mm. A 
schematic image of the reactor is portrayed in Figure 2-1. The catalyst bed temperature 
was measured using a thermocouple. The imposed current and response voltage were 
observed using a digital phosphor oscilloscope (DPO4034B; Tektronix Inc.). Activity 
tests were conducted using 80 mg catalyst (catalyst height: 1.6 mm) under CH4 (12 
SCCM), H2O (24 SCCM), Ar (as an internal standard gas, 12 SCCM), and He (as a 
balance gas, 72 SCCM) flow at various preset temperatures, with 5 mA (DC). The total 
flow rate of the supply gas was 120 SCCM. Product gases were analyzed qualitatively 
and quantitatively using a Q-Mass (QGA; Hiden Analytical Ltd.). Methane conversion 
was calculated using the ratio of output moles of carbon atom in product species (CO and 
CO2) and input moles of carbon atom in methane. The reaction rate (r) corresponds to the 
sum of the produced CO flow rate and the CO2 flow rate. 
 
Activity tests for the reverse reaction (CO2-methanation) of methane steam reforming 
were conducted using 200 mg catalyst (catalyst height: 4.5 mm) under CO2 (12 SCCM), 
H2 (48 SCCM), Ar (as an internal standard gas, 24 SCCM) or CO2 (12 SCCM), H2 (48 
SCCM), H2O (12 SCCM), Ar (as an internal standard gas, 6 SCCM), and He (6 SCCM) 
flow at various preset temperatures (473–823 K), with 5 mA (DC). The total flow rate of 
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the supply gas was 84 SCCM. The total CO2 conversion was calculated using the ratio of 
output carbon moles of products (CO and CH4) and input moles of carbon dioxide. The 
CO2 conversion for CH4 was calculated using the ratio of output moles of CH4 and input 
moles of carbon dioxide. 
 
2.2.3 Operando-DRIFTS measurements 
 
To elucidate the adsorbed species on catalysts with or without the electric field, 
operando-DRIFTS measurements were conducted using FT-IR (FT-IR6200; Jasco Corp.) 
with an MCT detector and a diffuse reflectance infrared Fourier transform spectroscopy 
(DRIFTS) reactor cell (DR-600Ai and DR-600Ci; Jasco Corp.) with a ZnSe window. For 
IR measurements with application of the electric field, DRIFTS cells made of SUS304 
for catalytic reaction (for tolerance of high temperatures) and of Teflon for catalytic 
reaction in the electric field (to avoid short circuits in the cell) were used, as presented in 
Figure 2-2. The sample was x wt%Pd / CeO2 (0 ≤ x ≤ 5). First, background (BKG) 
measurements were taken under inert Ar gas (62 SCCM) at 473 or 673 K. Subsequently, 
the reactant gases (CH4 or CD4 : H2O or D2O : Ar = 1 : 2 ; 62 SCCM) were supplied for 
about 30 min at 473 K (or 673 K for SR, and temperature was decreased to 473 K with 
only Ar). Then the electric field was applied for about 10 min. Each spectrum was 
recorded at resolution of 2.0 or 4.0 cm-1 over 10 or 50 scans. The imposed current was 5 
mA. The spectrum after ER was subtracted from the ER spectrum to remove the gas phase 
component in cases of necessity. The activities were evaluated using GG-FID (GC-2014; 
Shimadzu Corp.) using a Porapak N packed column and a methanizer (Ru/Al2O3 catalyst) 
for operando analyses. We compared the band intensities of CH4 and CD4 qualitatively 
using the obtained CH4/CD4 band intensity ratio of 1.93 as a correction factor at 473 K 
(43, 44). 
 
2.2.4 Characterizations of catalyst 
 
The dispersion ratio and particle diameter of Pd catalysts were characterized using 
CO pulse (BEL CAT II; Microtrac-Bel Japan Inc.). Before measurements, the catalyst 
sample was pre-treated under He flow at 473 K for 1 h. After treatment, the temperature 
was decreased to 323 K with He, and 10% CO was pulsed. The results for CO pulse 
adsorption are presented in Table 2-1. TOF-s and TOF-p were calculated with the number 
of surface Pd atoms and that of interfacial Pd atoms. The definitions are presented in 
equations (2) and (3). 
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 TOF-s [/s-1] = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑚𝑚𝐶𝐶𝑚𝑚𝐶𝐶 𝐶𝐶𝑛𝑛𝑚𝑚𝑛𝑛𝐶𝐶𝐶𝐶 𝐶𝐶𝑜𝑜 𝐶𝐶𝐻𝐻4
𝑃𝑃𝐶𝐶 𝑎𝑎𝐶𝐶𝐶𝐶𝑚𝑚 𝐶𝐶𝑛𝑛𝑚𝑚𝑛𝑛𝐶𝐶𝐶𝐶 𝑎𝑎𝐶𝐶 𝑆𝑆𝑛𝑛𝐶𝐶𝑜𝑜𝑎𝑎𝑆𝑆𝐶𝐶  (2) 
 
TOF-p [/s-1] = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑚𝑚𝐶𝐶𝑚𝑚𝐶𝐶 𝐶𝐶𝑛𝑛𝑚𝑚𝑛𝑛𝐶𝐶𝐶𝐶 𝐶𝐶𝑜𝑜 𝐶𝐶𝐻𝐻4
𝑃𝑃𝐶𝐶 𝑎𝑎𝐶𝐶𝐶𝐶𝑚𝑚 𝐶𝐶𝑛𝑛𝑚𝑚𝑛𝑛𝐶𝐶𝐶𝐶 𝑎𝑎𝐶𝐶 𝑃𝑃𝐶𝐶𝐶𝐶𝑃𝑃𝑚𝑚𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶  (3) 
 
The Pd and Ce K-edge in-situ X-ray absorption fine structure (in-situ XAFS) spectra 
were recorded on BL14B2 in SPring-8 (Hyogo, Japan). After the 3 wt% Pd/CeO2 catalyst 
was compressed to produce a pellet, the pellet was attached to a cell prepared for in-situ 
measurements, as shown in Figure 2-3. The pellet sample was pre-treated in Ar flow at 
723 K for 30 min. Measurements were conducted with 5 mA current and CH4 : H2O : Ar 
= 1 : 2 : 117 SCCM flow at 473 K. Software (Athena ver. 0.8.056, Artemis ver. 0.8.012) 
was used to analyze the obtained XAFS spectra. 
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2.3 Results and discussion 
 
2.3.1 Kinetic analyses for catalytic steam reforming and Electreforming 
 
Pd-catalyst supported on CeO2 showed high and stable activity for ER (17). As 
described herein, we selected Pd/CeO2 as a catalyst for ER. Kinetic measurements were 
conducted over this catalyst to ascertain details of the effects of an electric field on 
catalytic methane steam reforming. The respective temperature dependencies for both 
reactions (SR and ER) are presented in Figure 2-4. These results were taken at a steady 
flow point within 5 min after applying the electric field. The flow is stable over 6 h with 
Pd/CeO2 catalyst. 
 
As Figure 2-4 (A) shows, methane conversion increased drastically by the application 
of the electric field to the catalyst bed, even at low temperatures. The activities for ER at 
low temperatures were over the limit of the thermodynamic equilibrium curve, indicating 
that the reaction in the electric field includes some irreversible elementary steps. 
Furthermore, results show that the methane conversion values were almost equal (7%) 
for SR at 673 K and ER for 473 K. At approximately these temperatures, we also 
conducted measurements for partial pressure dependencies for both reaction rates. These 
results are presented in Table 2-2. Our results of kinetic analyses over Pd/CeO2 catalyst, 
without an electric field, showed that the respective dependencies of methane pressure 
and water pressure on the reaction rate were almost equal, about 0.25, around 623–723 K, 
as shown in Table 2-2. These experiments were conducted under 80 mg weight of catalyst 
and with a 120 SCCM total flow rate, to arrange the same conditions for Electreforming 
(ER). Therefore, we conducted other experiments under the same conditions as those used 
with earlier works (19–23, 25); 5 mg weight of Pd/CeO2 catalyst + 500 mg weight of SiO2, 
and 180 SCCM total flow rate at 823 K, with a smaller amount of catalyst, as presented 
in Table 2-3. 
 
Regarding the reaction mechanism of conventional methane-SR, numerous 
investigations have been conducted (19–26), revealing that the order for methane partial 
pressure (α) is almost 1; that for water pressure (β) is 0. Furthermore, the rate-determining 
step of methane steam reforming is the methane dissociative adsorption step. These 
reported studies were conducted at 823–1073 K, except for Pd/CeO2 catalyst at 620–770 
K (19–26), presented in Table 2-3. However, different trends were observed for ER. At all 
four measured temperatures (473, 623, 673, and 723 K), the water pressure dependence 
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was greater than that of methane pressure for ER. Comparison under the same conversion 
conditions for SR at 673 K and ER at 473 K (around at 7%) demonstrated that application 
of the electric field increased the water pressure dependence from 0.25 to 0.79. These 
results demonstrate that drastic enhancement of the catalytic activity is not attributable to 
Joule heating because the partial pressure dependency of the reaction rate was clearly 
different, although these two reactions exhibited equivalent methane conversion. 
 
Based on these results, rate constants and apparent activation energies (Ea) were 
calculated for each reaction. Tables 2-2 and Table 2-4 show that the reaction rate 
equations are estimated as equations (4)–(6) from our kinetic analyses. For SR, we 
ascertained the reaction rate equation as the equation (5) because our measurements for 
the dependence of partial pressure were almost equal at approximately 623–723 K. 
Therefore, the orders for methane and water pressure were average values obtained at the 
respective temperatures. However, for ER, we extracted the increased reaction rate (rER) 
with equation (4). The apparent activation energy was calculated using kER. Our kinetic 
analyses for rER revealed that the methane pressure dependence for rER (α) was 
approximately 0, and that the water pressure dependence (β) changed with the reaction 
temperature, as presented in Figure 2-5. Therefore, we used β at each reaction temperature 
from measured values and estimated values. The estimated values were obtained as an 
average from measured values. The obtained orders for β are presented in Table 2-5. 
 
 r = rSR + rER (4) 
 rSR = kSR PCH40.27 PH2O0.26 (5) 
 rER = kER PCH4α PH2Oβ (6) 
 
Arrhenius plots for both SR and ER are presented in Figure 2-4 (B), showing that the 
temperature dependence of reaction rates with and without the electric field differ 
considerably. The calculated apparent activation energy was 54.4 kJ mol-1 for SR. 
However, the slope of the Arrhenius plot for ER changed around 623 K. The apparent 
activation energy decreased by the application of electric field, especially at lower 
reaction temperatures of about 14.3 kJ mol-1. It was inferred from these results that the 
reaction mechanism of SR and ER differs markedly, and that ER proceeds with different 
reaction path having lower activation energy at temperatures lower than 623 K. 
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2.3.2 Operando-DRIFTS measurements – Qualitative changes for adsorbates –  
 
Molecule adsorption on the catalyst surface is known to be feasible at lower 
temperatures. Therefore, to assess kinetic changes by the application of the electric field 
from the viewpoint of surface adsorbates, we conducted additional investigations using 
operando-diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 
measurements. The obtained operando-DRIFTS spectra are presented in Figure 2-6. The 
assignments are presented in Table 2-6. For spectra with the electric field (bottom and 
middle spectra in Fig. 2-6 (A)), gas phase was removed by subtraction “after the ER” 
spectrum, which was recorded after ceasing application of the electric field. We can 
consider the role of Pd comparing the bottom and middle spectra in Figure 2-6 (A). The 
spectrum at 473 K ER using Pd-catalyst showed many adsorbed species. However, the 
spectrum at 473 K ER using CeO2 catalyst showed no adsorbates, indicating that no 
adsorption enhancement proceeded by application of the electric field without supported 
Pd. Therefore, Pd supported on CeO2 is regarded as an active site for methane activation 
in the electric field. 
 
Additionally, we can compare the observed adsorbates with or without the electric 
field, using middle and top spectra in Figure 2-6 (A). Markedly different spectra were 
obtained with and without the electric field. These two reactions, SR at 673 K and ER at 
473 K, showed the same methane conversion as that presented in Figure 2-4 (A). This 
result provides evidence that reaction mechanisms with and without the electric field 
differ markedly. The result also demonstrates that Joule heat is unimportant for ER, as 
suggested by kinetic analysis results. 
 
The spectra at 473 K ER provide more detailed information related to the qualitative 
change for adsorbed water. Figure 2-6 (B) shows that the peak assigned to rotation of 
adsorbed water (27) was observed only when the electric field was applied to Pd-catalyst 
with methane and water at a low temperature: 473 K. This peak is regarded as having a 
strong relation with the Grotthuss mechanism, a widely known mechanism for proton 
conduction. By this mechanism, protons hop via water molecules with a distorted O–H 
bond. The rate-determining step of the Grotthuss mechanism is reported as the water 
rotation step (27–29). Figures 2-6 (A) and 2-6 (C) show that the distorted O–H bond species 
were also observed during ER. When applying the electric field, the peak assigned to O–
H stretching (30) shifted to a lower wavenumber. This red-shift of O–H stretching peak 
was greater than 20 cm-1, corresponding to the weakness of O–H bond energy: about 25 
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kJ mol-1. 
 
The O–H bond energy value presented above was calculated using the following 
procedure. As shown in Figure 2-6 (A) and Figure 2-6 (C), the red-shift of O–H stretching 
peak was observed by the application of the electric field at from 3699 cm-1 to 3675 cm-1 
and from 3649 cm-1 to 3627 cm-1. Using these wavenumbers and the following equations 
(7) and (8), the difference of O–H bond energy was calculated. 
 
 
νO–H = 1
2𝜋𝜋𝑆𝑆
 �𝑘𝑘
𝜇𝜇
 
(7) 
 ΔE = 1
2
 Δk x2 (8) 
 
In those equations, ν denotes the wavenumber of O–H peak from experimentally 
obtained results, c stands for the velocity of light, k signifies the O–H bond constant, μ 
denotes the reduced mass between O and H, E represents the O–H bond energy, and x is 
the O–H bond length of 1.02 Å (36). Our calculations show that ΔE is approximately 25 kJ 
mol-1. The O–H bond energy was weakened about 25 kJ mol-1 by application of the 
electric field. 
 
Therefore, activated water exists on the catalyst surface, related to proton hopping. 
These results reveal that proton hopping occurred via adsorbed water on the catalyst 
surface during ER. 
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2.3.3 Operando-DRIFTS measurements – Quantitative changes for adsorbates – 
 
To elucidate the relation between proton conduction and catalytic activity 
enhancement by the application of the electric field, we specifically addressed the 
quantitative change for gas-phase methane. In these conditions, the adsorbed CHx was 
difficult to observe (45). Therefore, we used the decrease in gas phase CH4 to evaluate 
methane adsorption. Figure 2-7 presents IR band intensities derived from gas phase 
methane (31) at 3016.6 cm-1 with or without the electric field under various conditions. As 
shown in Figure 2-7 (a), the gas-phase methane intensity decreased drastically, resulting 
in the enhancement of adsorption by the application of the electric field under the water-
supplied condition. However, its intensity was almost identical with without the electric 
field under conditions in which only methane is supplied. Indeed, methane was converted 
only slightly into CO and CO2 without water. However, methane conversion with water 
exceeded 10% by operando-analyses, as presented in Table 2-7. These results 
demonstrate that the methane activation process at low temperature has a relation with 
water, i.e., with proton hopping on the catalyst surface. 
 
Assuming that methane is activated by proton collision derived from the Grotthuss 
mechanism, we also conducted detailed investigations using D2O from the viewpoint of 
an inverse kinetic isotope effect (inverse KIE). Actually, KIE is defined as the ratio of 
kD/kH, where kD is the rate constant of the reaction with D2O, and where kH is the rate 
constant of the reaction with H2O. For this conversion, KIEs greater than unity are called 
“inverse”; those less than unity are called “normal.” (33) Inverse KIE (32–35) revealed that 
the vibration mode, which has stronger C–H–H coupling bond than that of C–H–D, 
increases the difference of energy level between the transition state and the dissociative 
chemisorption state. Therefore, the rate constant using isotope (kD) becomes larger than 
that using H2O (kH). Our analyses using operando-DRIFTS showed good agreement with 
this theory. Figure 2-7 (B) shows that the amount of gas phase methane decreased more 
when D2O was used instead of H2O at 473 K. In addition, our results show that inverse 
KIE was observed around 473–573 K during ER, as presented in Figure 2-8. The 
decreased methane was then converted into CO and CO2, as revealed by our operando 
analyses shown in Table 2-8. These results support the inference that the methane 
activation process includes proton hopping on the catalyst surface. 
 
In addition to the investigations with D2O described above, investigations with CD4 
were also conducted. Figure 2-9 presents IR band intensities derived from gas phase CH4 
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(3016.6 cm-1) and CD4 (2257.3 cm-1) with H2O or D2O. Figures 2-9 (A) and in Figure 2-
9 (B) show that the amount of CD4 dissociative adsorption was larger when D2O was used 
instead of H2O in the electric field. Moreover, Figure 2-9 (C) shows that when CD4 and 
D2O were used, the amount of CD4 dissociative adsorption was the greatest among all 
isotope conditions. These results show good agreement with the inverse KIE theory 
described above. Results of operando analyses indicate that these amounts of CH4 or CD4 
dissociative adsorption are correlated with the activity, i.e. the decreased gas phase CH4 
or CD4 was converted into CO and CO2. Moreover, the conversion was higher when using 
isotopes, as shown in Table 2-8. In addition to the condition at 473 K, results of operando-
analyses at 523 and 573 K are shown in the table. At all temperatures (473, 523, and 573 
K), inverse KIE was confirmed. The obtained inverse KIE using CD4 shows that, in the 
electric field, usual dissociative adsorption mechanisms (19–23, 25) involving quantum 
tunneling of H atom (46, 47) and the vibrational excitation of incident methane (46, 48–49) do 
not take place at all. The response voltage at each temperature is mostly equal and might 
be negligible in its effects on activities. These results reveal that H species derived from 
surface protonics collide with CH4 and promote dissociative adsorption. The obtained raw 
operando-spectra are shown in Figures 2-10 to Figure 2-15. 
 
Generally, water is regarded as adsorbed onto the catalyst support (CeO2), rather than 
loaded metal (Pd). For that reason, methane activation with proton is likely to occur at 
the Pd–CeO2 interface. To elucidate the reaction site for both SR and ER, we evaluated 
the turnover frequency with various amounts of Pd-loaded catalyst. To evaluate the 
influence of the number of Pd active site or the length of Pd interface on the activities for 
ER at 473 K and SR at 673 K, we prepared various Pd-loaded catalyst and conducted 
operando-DRIFTS measurements with these catalysts. Operando-DRIFTS spectra are 
presented in Figures 2-16 and 2-17. These analyses for products are presented in Table 2-
9. Using these results and the result of CO pulse adsorption, presented in Table 2-1, TOF-
s and TOF-p were calculated. To evaluate the effects of particle size of Pd on CeO2, the 
influence of CO adsorption on CeO2 was examined first. Figure 2-18 presents results of 
CO pulse adsorption for CeO2 and 1.0 wt% Pd/CeO2 catalyst. As Figure 2-18 shows, the 
GC intensity of CO for CeO2 at first time and the saturated GC intensity of CO for 1.0 
wt% Pd/CeO2 were almost equal. Figure 2-19 shows IR spectra recorded 1 h after 
supplying nearly 40% CO flow with Ar at 323 K for CeO2 and 1.0 wt% Pd/CeO2 catalyst. 
After purging with Ar for 1 h, the adsorbed CO remained only with Pd loaded catalyst. 
From these results, we inferred that the influence of CO adsorption on CeO2 is negligible 
when using CO pulse adsorption. 
50 
 
Table 2-1 shows that the particle size of Pd was almost identical for 0.5 wt% and 1.0 
wt% Pd loaded catalysts, about 1.0 nm. Furthermore, the particles became larger than 1.0 
nm for more than 1.0 wt% Pd loaded catalysts. For calculation of TOF-p, the Pd–Pd bond 
length was defined as 2.72 Å (37). Equations (2) and (3) were used. 
 
Figure 2-20 presents the Pd-specific surface area dependence and Pd perimeter 
dependence of activities for ER at 473 K and SR at 673 K, as analyzed using operando-
DRIFTS and CO pulse adsorption. Generally, the methane steam reforming activity is 
determined by the number of active sites of the loaded metal (21). Regarding SR without 
the electric field, we obtained the same trends, as shown in Figure 2-20 (B). The TOF for 
SR activity is unchanged despite the Pd-specific surface area. However, these trends 
differed drastically for ER with application of the electric field. The ER activity showed 
strong dependence on the Pd perimeter, rather than on the Pd specific surface area, which 
indicates that the ER reaction proceeds mainly at the Pd–CeO2 interface. 
 
Our operando analyses revealed that proton hopping promotes methane activation at 
the Pd–CeO2 interface. To evaluate the change of electronic state and structure for 
Pd/CeO2 catalyst, we conducted in-situ XAFS measurements at SPring-8 in Hyogo, Japan. 
Figures 2-21 and 2-22 respectively show the obtained XAFS spectra with the electric field 
for the Pd-K edge and Ce-K edge at 473 K. As presented in Figure 2-21 (a), Pd was 
oxidized slightly with the supply of reactants: CH4 and H2O. Then Pd was reduced with 
application of the electric field because hydrogen was produced along with the reaction 
proceeding. However, no drastic change of the electronic state for Pd was confirmed, 
suggesting that the main effect of the electric field is not the change for the work function 
of loaded metal (Pd) on the catalyst. The EXAFS spectra presented in Figure 2-21 (B) 
show that the Pd structures with and without application of the electric field are almost 
identical. Additionally, as presented in Figures 2-22 (A) and 2-22 (B), neither the 
electronic state nor structure of CeO2 was changed by application of the electric field. 
These results demonstrate that the electronic state and the structure of Pd/CeO2 catalyst 
are almost identical, and that the electric field mainly promotes protonics on the catalytic 
surface via adsorbed water. Therefore, surface protonics is a dominant factor for the 
activity increase. 
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2.3.4 Reverse reaction (CO2-methanation) with/without H2O in the electric field 
 
Our results demonstrated that H species derived from the surface Grotthuss proton 
conduction promoted methane dissociative adsorption based on inverse KIE. Olah et al. 
(50, 51) reported that, after the collision of proton in magic acid such as FSO3H-SbF5 with 
methane, CH3+ species is produced and polymerized to C2H7+, C4H9+, and so on. They 
calculated the relative stabilization energy of CH4 + H+ and CH3+ + H2 system to an 
arbitrary standard using semi-empirical SCF method. In their theoretical calculation, the 
relative energy of CH4 +H+ and CH3+ + H2 system were stabilized, respectively, at -3.62 
eV and -7.32 eV. Moreover, it is easy to assume that the CH5+ energy level is higher than 
CH4 + H+ because of the transition state. These calculation results show that the reverse 
elementary step via CH5+, i.e. CH3+ + H2 → CH4 + H+, is almost irreversible. Crofton et 
al. (52) also argued that in the plasma, a similar reaction was very endothermic and that it 
did not occur. In our cases referring to these investigations, if the collision species is 
protons carried by the surface Grotthuss proton conduction, then methane dissociative 
adsorption by collision might be irreversible. Kurylo et al. (34) reported the radical 
dissociation of methane by H atom collision and this reverse reaction using ESR. Results 
of the ESR study revealed that the reverse reaction of CH3 + H2 → CH4 + H proceeded 
sufficiently. This reversibility was confirmed by a theoretical study of isotope reaction 
conducted by Schatz et al. (35), who calculated the ab-initio potential surface parameters 
and the transition state theory rate constants for CH3 + H2 → CH4 + H and its reverse 
reaction. Their calculations demonstrated that the activation energy and frequency factor 
showed no major difference between forward and reverse reactions. Considering those 
points, we investigated details of the dissociative adsorption mechanism using the reverse 
reaction (i.e. methanation). 
 
To elucidate whether the collision species is H atom or proton, we conducted CO2-
methanation, which is the reverse reaction of steam reforming of methane, with/without 
H2O, i.e. with/without the surface Grotthuss proton conduction by the electric field. 
Figure 2-23 portrays the respective temperature dependencies for both reactions (with and 
without H2O) in the electric field. At low temperatures of 473–623 K, activities were 
independent of H2O in the electric field. At temperatures higher than 623 K, activities 
were affected predominantly by the thermodynamic equilibrium constraint. Surface 
Grotthuss proton conduction did not promote the reverse reaction (CO2-methanation) in 
spite of drastic promotion of the forward reaction (steam reforming of methane), 
indicating that the irreversible elementary step existed in the forward reaction. These 
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results revealed that its surface conduction activated methane by the proton collision, not 
H species, and irreversibly promoted the reforming reaction. Table 2-10 presents the 
activities and the response voltages at the respective temperatures. The table shows that 
the reverse water gas shift proceeded preferentially for all cases with/without the electric 
field. 
 
Figure 2-24 depicts the presumed methane dissociative adsorption mechanism in this 
case. As Figure 2-25 and Table 2-11 show, the conventional catalytic reaction without the 
electric field application showed KIE (not inverse KIE), indicating that the rate-
determining step of catalytic methane steam reforming is methane dissociative adsorption 
step (25). Therefore, the potential curve without EF comes to resemble the bottom curve 
shown in Figure 2-24. In the electric field, proton collision to methane raised the energy 
level of reactants to a transition state and played a role in configuring the three-atom 
transition state. Moreover, the energy level of produced CH3+ + H2 was much lower than 
the physisorption and transition state because an electric positive charge in CH3+ was 
mitigated by eight electrons in CH3+. Therefore, the apparent activation energy for CH3+ 
+ H2 → CH4 + H+ became too large, indicating that this elementary step was almost 
irreversible. The activated methane via proton collision then adsorbed onto the Pd.  
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2.3.5 Reaction mechanism for Electreforming 
 
A schematic image of the mechanism for Electreforming is presented in Figure 2-26. 
Methane is activated irreversibly at the interface by hopping proton derived from 
Grotthuss mechanism, resulting in adsorption on Pd. By application of the electric field 
to methane steam reforming, methane can be activated at a low temperature, which never 
occurs without the electric field. Applying the electric field enables surface protonics via 
water adsorbed on the catalyst. It promotes the surface catalytic reaction. 
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2.4 Conclusion 
 
Methane steam reforming (SR) over 1 wt%Pd/CeO2 in an electric field, so-called 
Electreforming (ER), was performed. Application of the electric field increased the 
activity drastically. Kinetic investigations and operando-DRIFTS measurements were 
conducted to elucidate the electric field effects on methane steam reforming. Results of 
our kinetic analyses demonstrated that the water pressure dependence of the reaction rate 
increased during application of the electric field. However, the apparent activation energy 
decreased with the electric field, especially at lower reaction temperatures, indicating that 
reaction mechanisms with and without the electric field differ considerably. 
 
Results of operando-DRIFTS revealed that surface proton conduction via adsorbed 
water on the catalyst surface occurred with the electric field, known as the Grotthuss 
mechanism. Furthermore, our operando analyses from the viewpoint of an inverse kinetic 
isotope effect revealed that methane was activated by proton collision derived from the 
Grotthuss mechanism. Furthermore, ER proceeds mainly at the interface between Pd and 
CeO2. Therefore, the surface protonics by the application of electric field serve an 
important role in the enhancement of catalytic methane steam reforming at low reaction 
temperatures. 
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Figure 2-1 Schematic image of reactor. 
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Figure 2-2 Schematic image of operando-DRIFTS measurement apparatus. 
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Figure 2-3 Schematic image of in-situ XAFS cell. 
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Figure 2-4 Temperature dependence of catalytic activity with or without electric field: 
(A) activities for steam reforming (SR) and Electreforming (ER) and (B) Arrhenius 
plots for both reactions. 
Preset temperature, 398–823 K; Catalyst, 1.0 wt%Pd/CeO2, 80 mg; Flow, CH4 : H2O : 
Ar :He = 12 : 24 : 12 : 72 SCCM; Current, 0 or 5 mA. 
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Figure 2-5 Methane and water pressure dependencies of rER: 
dependence of methane pressure was almost 0; 
catalyst, 1.0 wt%Pd/CeO2 80 mg; flow, 120 SCCM (with 12 SCCM Ar as internal 
standard gas and He as balance gas); 5 mA current. 
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Figure 2-6 Operando-DRIFTS spectra with/without electric field: (A) comparison for 
with/without Pd or application of electric field; (B) O–H rotating region; (C) O–H 
stretching region; 
catalyst, CeO2 or 1.0 wt%Pd/CeO2; flow, CH4 : H2O : Ar = 1 : 2 : 62 SCCM; 0 or 5 mA 
current. 
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Figure 2-7 IR band intensities of CH4 gas (3016.6 cm
-1
) at 473 K in electric field: (A) 
with/without H2O; (B) with H2O/D2O; 
catalyst, 1.0 wt%Pd/CeO2; flow, CH4 : H2O/D2O : Ar = 1 : 2(0) : 62(64) SCCM; 5 mA 
current. 
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Figure 2-8 Inverse KIE: (A) comparison between our work and reported experimentally 
obtained results and theoretical analysis; (B) Operando-DRIFTS at 473 K; (C) 
Operando-DRIFTS at 523 K; and (D) Operando-DRIFTS at 573 K. 
Our works were within past reported trends as “ESR study of the kinetic isotope 
effect in the reaction of H and D Atoms with CH4 (34) and “A Theoretical Study of 
Deuterium Isotope Effects in the Reactions H2 + CH3 and H + CH4” (35). 
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Figure 2-9 IR band intensities of gas phase CH4 (3016.6 cm-1) and CD4 (2257.3 cm-1) at 
473 K in the electric field: (A) with CH4 + H2O/D2O; (B) with CH4/CD4 + D2O; (C) 
with CH4 + H2O and CD4 + D2O; 
 1.0 wt%Pd/CeO2 catalyst; gas supply, CH4/CD4 : H2O/D2O : Ar = 1 : 2 : 62; 65 SCCM 
total flow rate; 5 mA current. 
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Figure 2-10 Raw data for operando-DRIFTS spectra with electric field: (A) with 1.0 
wt%Pd/CeO2 catalyst; (B) with CeO2 catalyst; 
temperature, 473 K; flow, CH4 : H2O : Ar = 1 : 2 : 62 SCCM; 0 or 5 mA current. 
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Figure 2-11 Raw data for operando-DRIFTS spectra with electric field: (A) with CH4 
and H2O; (B) with only CH4; (C) with CH4 and D2O; (D) with CD4 and H2O; (E) with 
CD4 and D2O; 
catalyst, 1 wt%Pd/CeO2; temperature, 473 K; flow, CH4 : H2O/D2O : Ar = 1 : 2 or 0 : 62 
or 64 SCCM; 0 or 5 mA current. 
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Figure 2-12 Raw data for operando-DRIFTS spectra with electric field: (A) at 473 K, 
(B) at 523 K; (C) at 573 K; 
catalyst, 1 wt%Pd/CeO2; flow, CH4 : H2O : Ar = 1 : 2 : 62 SCCM; 0 or 5 mA current. 
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Figure 2-13 Raw data for operando-DRIFTS spectra with an electric field: 
(A) at 473 K; (B) at 523 K; (C) at 573 K; 
catalyst, 1 wt%Pd/CeO2; flow, CH4 : D2O : Ar = 1 : 2 : 62 SCCM; 0 or 5 mA current. 
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Figure 2-14 Raw data for operando-DRIFTS spectra with an electric field: 
(A) at 473 K; (B) at 523 K; (C) at 573 K; 
catalyst, 1 wt%Pd/CeO2; flow, CD4 : H2O : Ar = 1 : 2 : 62 SCCM; 0 or 5 mA current. 
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Figure 2-15 Raw data for operando-DRIFTS spectra with an electric field: 
(A) at 473 K; (B) at 523 K; (C) at 573 K; 
catalyst, 1 wt%Pd/CeO2; flow, CD4 : D2O : Ar = 1 : 2 : 62 SCCM; 0 or 5 mA current. 
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Figure 2-16 Raw data for operando-DRIFTS spectra of SR over various Pd catalysts: 
(A) CeO2; (B) 0.5 wt%Pd/CeO2; (C) 1.0 wt%Pd/CeO2; (D) 2.0 wt%Pd/CeO2; (E) 3.0 
wt%Pd/CeO2; (F) 5.0 wt%Pd/CeO2; 
temperature, 673 K; flow, CH4 : H2O : Ar = 1 : 2 : 62 SCCM. 
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Figure 2-17 Raw data for operando-DRIFTS spectra of ER over various Pd catalysts: 
(A) CeO2; (B) 0.5 wt%Pd/CeO2; (C) 1.0 wt%Pd/CeO2; (D) 2.0 wt%Pd/CeO2; (E) 3.0 
wt%Pd/CeO2; (F) 5.0 wt%Pd/CeO2; 
temperature, 473 K; flow, CH4 : H2O : Ar = 1 : 2 : 62 SCCM; 5 mA current. 
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Figure 2-18 Results of CO pulse for CeO2 and 1.0 wt% Pd/CeO2 catalyst at 323 K. 
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Figure 2-19 IR spectra recorded 1 h after supplying 40% CO flow with Ar at 323 K for 
each catalyst. 
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Figure 2-20 Pd specific surface area (TOF-s) dependence or Pd perimeter (TOF-p) 
dependence of activities for ER at 473 K and SR at 673 K: (A) ER at 473 K; (B) SR at 
673 K; 
catalyst, 1.0 wt%Pd/CeO2; flow, CH4 : H2O : Ar = 1 : 2 : 62 SCCM; 0 or 5 mA current. 
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Figure 2-21 In-situ Pd-K edge XAFS measurements of 3 wt%Pd/CeO2 catalyst in the 
reaction condition with the electric field: (A) XANES spectra; (B) EXAFS spectra; 
gas flow, CH4 : H2O : Ar = 1 : 2 : 117 SCCM; temperature, 473 K; 5 mA current. 
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Figure 2-22 In-situ Ce-K edge XAFS measurements of 3 wt%Pd/CeO2 catalyst in the 
reaction condition with the electric field: (A) XANES spectra; (B) EXAFS spectra; 
gas flow, CH4 : H2O : Ar = 1 : 2 : 117 SCCM; temperature, 473 K; 5 mA current. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(A) (B)
0
0.2
0.4
0.6
0.8
1
1.2
40425 40563 40700 40838
N
or
m
al
iz
ed
 a
bs
or
ba
nc
e 
/ a
rb
. u
ni
t
Energy / eV
0
1
2
3
4
5
0 1 2 3 4 5 6
In
te
ns
ity
 / 
ar
b.
 u
ni
t
R / ang.
Ce-O
(1.7 ang.)
Ce-Ce
(3.4 ang.)
Inert 
SR
ER
after ER
0.8
0.85
0.9
0.95
1
1.05
1.1
1.15
1.2
40420 40440 40460 40480 40500
Ce4+ (CeO2)
81 
 
 
 
Figure 2-23 Temperature dependence of CO2-Methanation in an electric field: 
catalyst, 1.0 wt% Pd/CeO2; flow, CO2 : H2 : H2O : Ar : He = 12 : 48 : 0 or 12 : 6 or 24 : 
0 or 6; preset temperature, 473–823 K; 5 mA current. 
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Figure 2-24 Schematic energy diagram of methane dissociative adsorption in an electric 
field. 
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Figure 2-25 Raw data for operando-DRIFTS spectra of SR over various catalysts: (A) 
1.0 wt%Pd/CeO2; (B) 2.0 wt%Pd/CeO2; (C) 3.0 wt%Pd/CeO2; 
temperature, 673 K; flow, CH4 or CD4 : H2O : Ar = 1 : 2 : 62 SCCM. 
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Figure 2-26 Schematic image of the Electreforming reaction mechanism. 
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Table 2-1 Results of CO pulse for various catalysts 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Pd
 / wt%
Pd Particle size
/ nm
Dispersion
 / %
Pd  Surface Area
/ m2 g-1
Pd Perimeter
/ 109 m g-1
0 - - - -
0.5 1.21 91.9 2.05 3.38
1 1.15 96.6 4.32 7.48
2 1.83 60.9 5.44 5.94
3 2.13 52.5 7.05 6.63
5 3.14 35.6 7.96 5.07
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Table 2-2 Partial pressure dependence of reaction rates with/without an electric field: 
catalyst, 1.0 wt%Pd/CeO2, 80 mg; flow, 120 SCCM (with Ar as internal standard gas 
and He as balance gas); 0 or 5 mA current. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
T Reaction P CH4 P H2O r V
 / K SR or ER / atm / atm / mmol min-1 / kV α β 
0.05 0.0316 0.25
0.1 0.0417 0.21
0.15 0.0447 0.22
0.1 0.024 0.21
0.15 0.0309 0.21
0.2 0.0417 0.21
0.05 0.0102
0.1 0.0132
0.15 0.0145
0.1 0.0120
0.15 0.0141
0.2 0.0148
0.05 0.0661 0.24
0.1 0.0759 0.23
0.15 0.0813 0.23
0.1 0.0417 0.15
0.15 0.0646 0.21
0.2 0.0759 0.23
0.05 0.0282
0.1 0.0324
0.15 0.0363
0.1 0.0269
0.15 0.0282
0.2 0.0324
0.05 0.0933 0.27
0.1 0.110 0.26
0.15 0.112 0.22
0.1 0.0525 0.12
0.15 0.0794 0.18
0.2 0.110 0.26
0.05 0.0501
0.1 0.0589
0.15 0.0676
0.1 0.0501
0.15 0.0550
0.2 0.0589
0.05 0.117 0.24
0.1 0.126 0.18
0.15 0.141 0.19
0.1 0.0589 0.084
0.15 0.0955 0.14
0.2 0.126 0.18
723 ER
0.2
0.16 1.11
0.1
723 SR
0.2
- 0.27 0.23
0.1
673 ER
0.2
0.17 1.06
0.1
673 SR
0.2
- 0.23 0.25
0.1
623 ER
0.2
0.19 0.88
0.1
0.31
0.1
r  = k P CH4α  P H2Oβ
473 ER
0.2
0.32 0.79
0.1
623 SR
0.2
- 0.32
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Table 2-3 Kinetic analyses of methane steam reforming over various catalysts 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2-4 Kinetic analyses for SR and ER: 
catalyst, 1.0 wt%Pd/CeO2, 80 mg; flow, CH4 : H2O : Ar : He = 12 : 24 : 12 : 72 SCCM; 
0 or 5 mA current. 
 
 
 
 
E a
α β  kJ mol-1
Ir / ZrO2 1 0 87 19
Ru / γ-Al2O3 1 0 91 20
Pt / ZrO2 1 0 75 21
Rh / γ-Al2O3 1 0 109 22
Ni / MgO 1 0 102 23
Ni / Ce0.75Zr0.25O2 1 -0.3 - 24
Ni / Al2O3 1 -0.3 - 24
Pd / ZrO2 1 0 81 25
Pd / CeO2 - - 57 26
Pd / CeO2 (With EF at 473 K) 0.32 0.79 14.3 (at lower temperature)
Pd / CeO2 (Without EF around 623 - 723 K) 0.27 0.26 54.4
Pd / CeO2 (Without EF, at smaller amount of catalyst at 823 K) 0.94 0.09 -
Catalyst r  = k  P CH4
α  P H2Oβ Reference
Our work
preset T T thermocouple SR T thermocouple ER Conversion SR Conversion ER Voltage 
/ K / K  / K / % / % / kV r r SR r ER k SR k ER
398 398.2 441 5.9 0.21 0.029 0.029 0.091
423 424.1 456 5.0 0.21 0.032 0.032 0.11
448 450.0 480 6.5 0.20 0.031 0.031 0.11
473 472.3 512 7.0 0.21 0.041 0.041 0.16
511 512.7 539 9.9 0.24 0.044 0.044 0.19
523 522.9 550 0.4 9.1 0.22 0.042 0.0015 0.041 0.0041 -
548 550.4 572 0.1 10.0 0.23 0.047 0.0041 0.043 0.012 0.195
573 574.1 605 1.0 11.1 0.23 0.051 0.0057 0.046 0.016 -
586 587.7 604 0.1 11.5 0.20 0.059 0.0079 0.051 0.022 0.25
623 622.3 646 2.6 15.5 0.23 0.076 0.013 0.062 0.037 0.34
648 649.6 669 4.0 15.9 0.23 0.085 0.020 0.065 0.056 0.56
673 671.9 697 7.3 21.8 0.26 0.11 0.032 0.077 0.092 1.0
723 716.9 731 13.6 24.9 0.18 0.13 0.059 0.066 0.17 6.5
773 774.6 784 22.5 33.5 0.16 0.16 0.11 0.049 0.31 35
823 821.7 828 31.9 38.1 0.13 0.18 0.15 0.029 0.43 154
Rate constant / mmol min-1
 0
(Detection
Limit)
--
Reaction rate / mmol min-1
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Table 2-5 Orders of water pressure at respective reaction temperatures for rER 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2-6 Assignments for operando-DRIFTS spectra: as, asymmetry; s, symmetry 
 
 
 
 
 
 
 
 
 
 
 
 
Reaction Wavenumber Species Assignment Reference
SR or ER / cm-1
SR 
3699, 3649 H2O O―H stretching 30
2359 CO2 O―C―O as 38
1541 H2O O―H vending -
1429 Hydrogen carbonate 39
ER
3675, 3627 H2O O―H stretching 30
3015 CH4 C―H stretching 31
2359 CO2 O―C―O as stretching 38
1793 CO or H Pdn―CO stretching or Pd―H stretching 40, 41
1472 Mono Carbonate O―C―O as stretching 42
1361 Mono Carbonate O―C―O s stretching 42
1304 CH4 C―H vending 31
850 H2O O―H rotating 27
Reaction  temperature Order of water pressure
 / K β’
473 0.83
623 1.05
673 1.61
723 2.85
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Table 2-7 Operando-analyses using isotope: 
catalyst, 1.0 wt%Pd/CeO2; flow, CH4 : H2O/D2O : Ar = 1 : 2(0) : 62(64) SCCM; 5 mA 
current; 473 K temperature. 
 
 
 
 
 
 
 
Table 2-8 Operando-analyses using isotope: 
 1.0 wt%Pd/CeO2 catalyst; gas supply, CH4/CD4 : H2O/D2O : Ar = 1 : 2 : 62; 65 SCCM 
total flow rate; 5 mA current. 
 
a) H or D are derived from surface Grotthuss proton conduction via H2O adsorption 
species. 
 
 
 
 
 
CH4 conversion Voltage
/ % / kV
CH4 + H2O 10.9 0.16
only CH4 0.6 0.06
CH4 + D2O 11.5 0.17
Reaction conditions
Reaction Temp. / K V / kV Conv. / % CO sel. / % CO2 sel. / %
CH4 + H (a) → CH3 + H2
473 0.16 10.9 14.9 85.1
523 0.12 7.36 3.1 96.9
573 0.16 10.3 1.7 98.3
CH4 + D (a)→ CH3 + HD
473 0.17 11.5 11.9 88.1
523 0.12 7.99 1.5 98.5
573 0.17 13.1 6.0 94.0
CD4 + H (a) → CD3 + HD
473 0.20 11.1 7.6 92.4
523 0.13 7.42 11.0 89.0
573 0.16 12.9 8.5 91.5
CD4 + D (a) → CD3 + D2
473 0.18 12.9 25.8 74.2
523 0.13 7.91 10.8 89.2
573 0.21 15.6 16.3 83.7
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Table 2-9 Operando-analyses over various catalysts: 
flow, CH4 : H2O : Ar = 1 : 2 : 62 SCCM; 5 mA current. 
 
 
 
 
Table 2-10 Results of CO2-Methanation with/without an electric field: 
Catalyst, 1.0 wt% Pd/CeO2; flow, CO2 : H2 : H2O : Ar : He = 12 : 48 : 0 or 12 : 6 or 24 : 
0 or 6; 5 mA current. 
 
(a) Conversion for CH4 means the ratio of converted CO2 into CH4 only. 
(b) Total conversion means the ratio of converted CO2 into CO and CH4. 
 
 
 
 
 
 
 
 
Condition Temp. / K
Conversion for CH4 (a) / % Total conversion (b) / % Voltage
/ kV
Tthermo
/ Kno - EF EF no - EF EF
without H2O
473 0.13 2.42 16.7 29.5 0.219 504.6
523 0.12 3.97 19.2 34.1 0.253 545.9
573 0.43 5.00 27.6 42.8 0.198 593.3
623 2.54 10.5 39.3 50.7 0.178 640.6
673 10.6 19.9 50.6 57.8 0.118 686.1
723 27.7 32.8 62.3 66.0 0.073 733.4
773 41.0 41.1 70.9 71.8 0.044 780.7
823 39.5 38.2 74.1 74.3 0.027 828.0
with H2O
473 0.07 2.46 16.1 25.7 0.272 506.1
523 0.10 4.72 18.0 31.5 0.294 555.3
573 0.14 3.60 20.6 29.3 0.239 598.6
623 1.13 8.85 25.2 37.3 0.259 648.2
673 5.25 14.6 35.0 45.1 0.207 691.2
723 13.6 20.5 45.6 51.9 0.146 736.9
773 11.9 13.3 41.9 43.9 0.104 783.6
823 8.16 7.59 39.9 40.8 0.060 831.0
T
 / K
V
/ kV
CH4 Conversion
 / %
CO selectivity
 / %
CO2 selectivity
 / %
T
 / K
CH4 Conversion
 / %
CO selectivity
 / %
CO2 selectivity
 / %
0 0.23 0.57 20.6 79.4 0.24 0 100
0.5 0.17 6.97 14.1 85.9 2.68 0 100
1 0.22 15 26.4 73.7 5 0 100
2 0.17 12.5 15.3 84.7 5.43 0 100
3 0.17 13.7 15.3 84.7 5.885 0 100
5 0.13 10.2 13.1 86.9 5.35 0 100
Pd
 / wt%
Electreforming (ER) Catalytic reaction (SR)
473 673
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Table 2-11 Operando-analyses using isotope at 673 K: 
Pd/CeO2 catalyst; gas supply, CH4/CD4 : H2O : Ar = 1 : 2 : 62; 65 SCCM total flow rate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Pd amount CH4 conversion CD4 conversion rD / rH
/ wt% / % / % / -
1.0 5.46 4.09 0.75 
2.0 5.97 4.62 0.77 
3.0 6.12 4.85 0.79 
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Chapter 3   Catalytic ammonia synthesis in an electric field 
 
3.1 Introduction 
 
  Ammonia is an important compound that is used widely as a raw material for fiber, 
resin, chemical fertilizers, and refrigerants. Recently, ammonia has attracted particular 
attention as a hydrogen carrier because of its high hydrogen content (1). Today, the Haber–
Bosch process using nitrogen and hydrogen is the main method for ammonia synthesis. 
This process is conducted at high pressures (over 200 atm) and high reaction temperatures 
(around 773 K) because of its thermodynamic and kinetic limitations (2). For this reason, 
ammonia synthesis requires extremely high levels of energy consumption (3). Smaller 
scale, more dispersed ammonia plants could be developed if an ammonia synthesis route 
with milder operating conditions could be realized. 
 
To date, numerous investigations of high-efficiency ammonia synthesis using milder 
operating conditions have been conducted. The original ammonia synthesis catalyst was 
an Fe-based double promotion catalyst (4). In 1972, Aika et al. reported a supported Ru 
catalyst (5) that showed high activity for ammonia synthesis. This discovery of a Ru 
catalyst with alkali metals as co-catalysts (6–11) led to a decrease in the reaction 
temperatures and pressures necessary for Haber–Bosch processing. Recently, Ru catalysts 
supported on praseodymium oxide (12), electride (13–15), and calcium amide (16) have shown 
high ammonia synthesis rates, even at pressures and temperatures as low as 0.1 MPa and 
600–700 K. In addition, ammonia synthesis at room temperature (around 298 K) and 
atmospheric pressure can be achieved using metal complexes including molybdenum (17, 
18), iron (19), and cobalt (20), as well as a titanium-hydride compound (21). Moreover, as 
examples indicating the possibility of low-temperature ammonia synthesis by exploiting 
the synergy between electrochem/photochemical processes and catalysis, ammonia 
synthesis routes using external DC electric field (22), plasma (23–28), photocatalysis (29), and 
electrolysis (30) have been reported, but ammonia synthesis rates are still not so high 
because of kinetic limitations. 
 
The present work proposes a new catalytic ammonia synthesis process assisted by an 
electric field. The process can achieve high ammonia synthesis rates even at low 
temperatures. We achieved ammonia synthesis under very mild conditions (room 
temperature and pressures ranging from atmospheric up to 0.9 MPa) using a Ru–Cs 
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catalyst. The process is more efficient than electrolytic synthesis because it is non-
Faradaic (λ > 50). The process is also different from plasma, being conducted under much 
milder conditions with lower electric power consumption. This process is not intended as 
a replacement for the Haber–Bosch process, but rather for the creation of new uses and 
demand. Using this method of ammonia synthesis, highly pure ammonia can be collected 
as a compressed liquid by virtue of the extremely low reaction temperature. Therefore, 
small-scale and efficient processes for ammonia synthesis can be realized by the 
application of an electric field. 
 
  The aims of this study are to elucidate the electric field effects on catalytic ammonia 
synthesis and the reaction mechanism for ammonia synthesis in the electric field. To 
achieve these aims, kinetics analyses and in-situ IR measurements were conducted with 
optimized Ru-Cs catalyst supported on SrZrO3. In addition, theoretical calculations were 
applied to investigate the step of N2 activation on a ruthenium surface with/without the 
electric field. 
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3.2 Experimental 
 
3.2.1 Catalyst preparation 
 
Various oxides (CeO2, ZrO2, Ce0.5Zr0.5O2, SrZrO3, and SrCeO3) were used as catalyst 
supports. Catalyst supports were prepared using a complex polymerization method. First, 
ethylene glycol and citric acid were measured in an amount of 3 mol of metallic amount, 
and dissolved in distilled water. After metal nitrate (Ce(NO3)2 (6H2O), ZrO(NO3)2 (2H2O), 
and/or Sr(NO3)2) were dissolved in the solution and stirred, the obtained solution was 
heated and stirred at 343 K. Then, after the obtained sample was pre-calcined at 673 K 
for 2 h, it was calcined under air flow at 1123 K for 10 h. 
 
Using prepared supports, Ru-loaded catalysts (Ru/Oxide) were prepared using an 
impregnation method. RuCl3 · (3H2O) or Ru(acac)3 was used as the metal precursor. First 
the distilled water solvent with prepared support oxide was evaporated in vacuo at room 
temperature for 2 h. Then the solvent with Ru precursor was added and stirred for another 
2 h. The obtained solution was heated and stirred at 343 K, and then dried at 393 K for 
20 h. The dried sample was treated under H2 (50 SCCM) and Ar (50 SCCM) flow at 723 
K for 2 h. The Ru content was fixed at 5.0 wt%. Cesium-promoted Ru catalysts were 
prepared using a sequential impregnation method. The solvent of Ru-loaded catalyst was 
evaporated at room temperature in vacuo for 2 h. Then CsNO3 aqueous solution was 
added to the impregnated sample and stirred for another 2 h. The solvent was heated and 
stirred at 343 K and then dried at 393 K for 20 h. The amounts of Cs were 0, 3.3, 6.6, 9.9, 
and 13.2 wt%. The prepared catalyst was crushed into 355–500 μm diameter particles. 
 
3.2.2 Activity tests 
 
  For all activity tests, a quartz tube (6.0 mm i. d.) was used for a fixed-bed flow-type 
reactor as shown in Figure 3-1. Two stainless steel rods (6 or 2 mm o. d.) were inserted 
into the reactors as electrodes. The upper electrode was set on the top of the catalyst bed. 
Then the ground electrode was set on the bottom of the catalyst bed. The catalyst bed 
temperature can be measured using a thermocouple inserted in the reactor. The imposed 
current and response voltage were observed using a digital phosphor oscilloscope (TCP 
A 300, and TDS 2001C; Tektronix Inc.). Before the reaction, the catalyst was pre-reduced 
for activation under N2 (60 SCCM) and H2 (180 SCCM) flow at 723 K for 2 h. Activity 
tests were conducted basically with 200 mg catalyst under N2 (60 SCCM) and H2 (180 
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SCCM) flow at various furnace temperatures, 6 mA (D.C.). Product gases were analyzed 
using gas chromatography-TCD. The trapped ammonia was analyzed using an ion 
chromatograph (IC-2001, Tosoh Corp.). When using isotopes, 30N2 (6 SCCM) was 
introduced with 28N2 (6 SCCM), H2 (36 SCCM), and Ar (12 SCCM). To detect 28N2, 29N2, 
and 30N2, Q-Mass (QGA; Hiden Analytical Ltd.) was used for qualitative and quantitative 
analyses. 
 
  For current changing experiments, an electric field was applied with 6 mA first. Then 
the current was decreased to 1 mA and increased to 6 mA again to confirm the 
reproducibility and effects of Joule heating on the reaction. During these experiments, the 
furnace preset temperature was fixed at 473 K. The flowing gas was N2 (60 SCCM) and 
H2 (180 SCCM). The amount of catalyst was 100 mg. 
 
For investigation of the D2 isotopic effect, experiments were conducted with 6 mA and 
100 mg of catalyst under N2 (15 SCCM) and H2 or D2 (45 SCCM). The furnace 
temperature was ramped stepwise by 50 K from 473 to 623 K. To elucidate the effects of 
H and D on the reaction, experiments were conducted with 0 or 6 mA under N2 (15 
SCCM), H2 (22.5 SCCM), and D2 (22.5 SCCM). To analyze the H:D ratio on the 
synthesized ammonia, transmittance FT-IR measurements (FT-IR 6200; Jasco Corp.) for 
the effluent gas were conducted with a MCT detector and a CaF2 window. The furnace 
preset temperature was 473 K with application of the electric field, and 573 K and 773 K 
with no electric field. To compare the spectra, the effluent gas without isotope was 
measured under N2 (15 SCCM) and H2 (45 SCCM) at 723 K. 
 
 
3.2.3 In-situ DRIFTS measurements 
 
  To elucidate the adsorbed species on catalysts with and without the electric field, in-
situ DRIFTS measurements were conducted using FT-IR (FT-IR6200; Jasco Corp.) with 
an MCT detector and a diffuse reflectance infrared Fourier transform spectroscopy reactor 
cell (DR-600Ai; Jasco Corp.) with the ZnSe window. For IR measurements with 
application of the electric field, two DRIFTS cells were used. They were made of SUS304 
for catalytic reaction (for tolerance of high temperatures) and of Teflon for catalytic 
reaction in the electric field (to avoid short circuits in the cell), as presented in Figure 3-
2. The sample was 9.9 wt%Cs / 5.0 wt%Ru / SrZrO3. First, the sample was pre-reduced 
under N2 (15 SCCM) and H2 (45 SCCM) flow at 473 or 723 K for 2 h. Then, the reducing 
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gas was purged for 30 min with Ar (60 SCCM). Then background (BKG) measurements 
were taken under Ar gas at 473 K or 648 K. Subsequently, the reactant gas (N2 : H2 = 15 : 
45 SCCM or N2 : Ar = 15 : 45 SCCM or 10%NH3/He : Ar = 1 : 59 SCCM, or H2/D2 = 15 
SCCM) was supplied for 30 min at most. Subsequently, the electric field was applied for 
about 10 min. Each spectrum was recorded at resolution of 4.0 cm−1, over 50 scans. The 
imposed current was 6 or 10 mA. 
 
3.2.4 Characterizations of catalyst 
 
  The crystalline structure was characterized using a powder X-ray diffractometer (XRD, 
SmartLab3; Rigaku Corp.) operating at 40 kV and 40 mA with Cu-Kα radiation. The 
XRD measurement results are presented in Figure 3-3. The dispersion ratio and particle 
diameter of Ru catalysts are characterized using CO pulse adsorption (BEL CAT II; Bel 
Japan, Inc.). Before measurements, the catalyst sample was pre-treated under H2 (50 
SCCM) flow at 723 K for 30 min. After the treatment, the temperature was decreased to 
323 K with He; then 10% CO was pulsed. Results of the CO pulse adsorption are 
presented in Table 3-1. The structure of supported Ru was observed using a TEM (JEM-
2100F, 200 kV; JEOL). 
 
3.2.5 Theoretical calculations for ammonia synthesis on ruthenium in an electric field 
 
  All the calculations were conducted using the Vienna ab initio simulation package 
(VASP) 5.4. The core-valence effect was included with the projector-augmented wave 
(PAW) method (43, 44). The valence part wave functions were expanded using plane-wave 
basis sets with kinetic energy lower than 400 eV. For calculation of the energetics, i.e. 
adsorption energy, reaction energy, and activation barriers, re-parameterized Perdew–
Burke–Ernzerhof (RPBE) was used as the exchange-correlation functional for spin-
polarized DFT calculation (45, 46). For vibrational frequency calculations, PW91 exchange-
correlation functional was used (47). The DFT calculations were done in a spin-polarized 
manner. For k-space, integration was conducted by taking 3 × 3 × 1 points. For the 
smearing method in the electronic state, the first-order Methfessel–Paxton method with 
σ = 0.2 and tetrahedron method were used, respectively, for the catalyst system and free-
molecules (N2, H2, etc.). Both Ru(0001) and Ru(101
―
1) surfaces were modeled by four Ru 
atomic layers. During geometry optimization, the lower and upper two layers of Ru were, 
respectively, fixed and relaxed. The geometry of adsorbates was fully relaxed. The 
catalytic system was represented by repeated slabs, which were separated by an 
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approximately 20 Å vacuum layer. The definitions of adsorption sites on Ru(0001) and 
Ru(101
―
1) are presented in Figure 3-4. For a transition state search, nudged elastic band 
(NEB) method was used. The electric field effect was considered by adding or removing 
electrons from the model system. Monopole and dipole corrections were included. 
Vibrational frequencies of CO were obtained by diagonalizing the Hessian matrix, which 
was computed using finite-difference method. The C–O stretching frequencies 
perpendicular to the surface were calculated. 
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3.3 Results and discussion 
 
3.3.1 Kinetic analyses for catalytic ammonia synthesis in an electric field 
 
  We conducted pre-screening tests for catalytic ammonia synthesis in an electric field. 
Results show that 9.9 wt% Cs/5.0 wt% Ru/SrZrO3 catalyst exhibited high activity for 
ammonia synthesis in an electric field, even at low reaction temperatures of 463–634 K 
and pressures from atmospheric to 0.9 MPa, as presented in Figure 3-5 (A) and Table 3-
2. We conducted screening tests for catalyst support in terms of the ability of proton 
conduction (48–50). In addition, the property not only of protonic but also mixed ionic and 
electronic conductor is regarded as significant because electrons should run through the 
catalyst support during the electric field application, whereas proton hops at the surface 
of the catalyst. According to numerous studies, SrZrO3-based oxides show mixed 
conductivity with its defect chemistry, even under dry and low temperature conditions (51–
53). Therefore, SrZrO3-based catalyst is regarded as showing stable and high activity 
among these catalysts, as presented in Table 3-3. XRD patterns for respective supports 
are presented in Figure 3-3. The crystalline structure was almost unchanged by the 
reactions in the electric field. Using Ru catalyst, Cs is known as a promoter, which shows 
the electron donor effects (5). Our tests showed that the best amount of Cs is 9.9 wt% for 
5.0 wt%Ru-loaded catalyst. 
 
We were able to obtain a remarkably high ammonia yield, with an ammonia production 
rate as high as 30099 μmol g-cat−1 h−1 at 0.9 MPa, which is still in the kinetically controlled 
region. It is particularly interesting that this impressive activity was also stable for 5 h, as 
presented in Figure 3-6. Application of the electric field increased the activity drastically, 
irrespective of the state of pressurization. The energy consumption was very low. The 
ammonia production energy efficiency was 36.3 g kWh−1. The Faradaic efficiency (i.e., 
the ratio between the molar amounts of NH3 produced and electrons consumed) was as 
high as 26.88, strongly indicating that the reaction is non-Faradaic. It is particularly 
interesting that the pressure effects were more pronounced when the reaction proceeded 
under the influence of the electric field. We conducted detailed kinetic analyses of the 
reaction to elucidate the mechanism underlying the electric field effect on catalytic 
ammonia synthesis. Figure 3-5 (B) presents Arrhenius plots for the ammonia synthesis 
reaction in the kinetic region under both atmospheric and elevated pressure. The apparent 
activation energy decreased from 121 kJ mol−1 to 37 kJ mol−1 upon applying the electric 
field at 0.9 MPa. These results suggest that the electric field affects the ammonia synthesis 
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reaction mechanism and that the rate-determining step of the reaction changes. 
 
  To gain additional information related to the reaction mechanism, the respective N2, 
H2, and NH3 pressure dependences of the ammonia synthesis rate were investigated. The 
obtained results are presented in Table 3-4. On the assumption that the rate of the 
ammonia synthesis reaction can be written as in equation (1), equations (2–5) were used 
for kinetic analyses (31, 32). 
 
 r = k PN2α PH2β PNH3γ (1) 
 r = W−1 dy0/d(1/q) (2) 
 log y0 = log (c/q)1/m (3) 
 r = W−1 c/m y0(1−m) (4) 
 c = k' PN2α PH2β (5) 
In those equations, r stands for the reaction rate of the ammonia synthesis, W denotes the 
catalyst weight, y0 signifies the ammonia mole fraction, q represents the mass flow, and 
(1−m) corresponds to γ. 
 
  As shown in Table 3-4, for the catalytic reaction (without the electric field), the 
ammonia synthesis rate exhibited a positive N2 partial pressure dependence, with an order 
of 0.68. However, the H2 and NH3 partial pressure dependencies of the reaction rate were 
negative (−0.21 for H2 and −0.1 for NH3). These trends exhibit excellent agreement with 
past kinetic studies of ammonia synthesis (8, 11, 32, 33). They indicate that the rate-
determining steps of the catalytic reaction without the electric field include N2 activation, 
especially N2 dissociative adsorption on Ru, because of the strong triple-bond energy of 
N2. However the catalyst includes an electron donor such as Cs, then the reaction order 
of N2 became smaller than unity: around 0.7 (8). In addition, the negative H2 pressure 
dependence indicates that the surface of Ru was poisoned by dissociated hydrogen. 
However, upon application of the electric field, the N2 and H2 pressure dependencies of 
the ammonia synthesis rate changed drastically. The N2 pressure dependence of the 
reaction rate decreased upon application of the electric field, indicating that the N2 
activation steps were promoted by the electric field. In addition, the H2 pressure 
dependence of the reaction rate weakened: the reaction orders were 0.24 for N2, 0 for H2 
and −0.26 for NH3. Therefore, the poisoning of Ru by hydrogen disappeared to some 
degree upon application of the electric field. 
 
  To examine the effect of the electric field on N2 activation specifically, isotope 
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exchange tests were conducted using 30N2. Figure 3-7 presents the results obtained in 
transient response tests using 28N2 and switching to 30N2. When 30N2 was supplied in the 
presence of the electric field at 473 K, 29N2 formation was observed. However, without 
the electric field, 29N2 was not detected, even at higher reaction temperatures, as shown 
in Figure 3-7 (T ≤ 673 K). Generally, isotope exchange tests using 30N2 were conducted 
only while supplying N2 species to avoid H2 poisoning of the Ru surface (34). Therefore, 
before conducting the other experiments, hydrogen was purged at 723 K with Ar = 48 
SCCM for 30 min. Then 28N2 and 30N2 were supplied. In our isotopic tests without 
supplying H2 and without application of the electric field, 29N2 was not detected either, 
even at 873 K, as presented in Figure 3-8. In addition, H2 was necessary for isotopic tests 
while applying the electric field because application of the electric field without a 
hydrogen supply caused a formation of spark discharge. This phenomenon demonstrates 
that hydrogen, or chemical compounds including hydrogen, play the role of ion carrier, 
enabling stable application of the electric field. 
 
  As shown in equation (6), 29N2 was produced through dissociative adsorption of 28N2 
and 30N2, with subsequent recombination of 28N2 and 30N2. Therefore, the N2 dissociation 
rate is calculable from the 29N2 production rate using the following equations (7–9) 
assuming steady-state conditions at the surface of the catalyst, the reaction mechanism as 
Langmuir–Hinshelwood mechanism, and the same zero-point motion energy for 14N and 
15N (34, 35). 
 
 28N2 + 30N2 → 229N2 (6) 
         (6) 
The balance equation for N species flow is 
 
 Vin – Vout − rNH3 / 2= 0 . (7) 
               
The equations for N2 outflow are the following. 
 
 F28 = (F28)0 + Vout ∙ (fs14fs14) − Vin ∙ (f28)0 (8) 
 F29 = Vout ∙ (2fs14fs15) = Vout ∙ {2fs14 ∙ (1 − fs14) } (9) 
In those equations, V signifies the total flow rate, F denotes the flow of each species, and 
f represents the mole fraction of the isotopic species. Subscripts 28, 29, 14, and 15 
respectively denote 28N2, 29N2, 14N, and 15N, subscript s signifies the Ru surface, and 
subscript 0 denotes an input value, as shown in Figure 3-9. 
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The calculation results are presented in Tables 3-5 and 3-6. From the calculation, the 
N2 dissociation rate per gram of catalyst was about 36,000 μmol g−1 h−1 when applying 
the electric field at 473 K. However, the N2 dissociation rate could not be calculated for 
the catalytic reaction without the electric field because 29N2 was below the limit of 
detection. These results indicate that N2 dissociative adsorption is very rapid and that it is 
enhanced irreversibly in the electric field. 
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3.3.2 In-situ DRIFTS measurements 
 
  To observe the adsorbed species on the surface of the catalyst during application of the 
electric field for ammonia synthesis, and to ascertain the mechanism of the ammonia 
synthesis reaction in the presence of the electric field, in-situ diffuse reflectance infrared 
Fourier transform spectroscopy (DRIFTS) measurements were conducted. With a 
customized cell, we measured the IR spectrum when the electric field was applied to the 
catalyst bed, as presented in Figure 3-2. The in-situ DRIFTS spectra obtained under each 
condition are portrayed in Figure 3-10. Assignments are presented in the Table in Figure 
3-10. As depicted in Figure 3-10 (A), no peak was observed when supplying only N2 and 
H2 at 473 K. However, four sharp peaks were detected around 3146, 3046, 2819, and 
1406 cm−1when applying the electric field. These peaks were not observed under a pure 
N2 supply with the electric field on (C), or during ammonia synthesis at 648 K without 
the electric field (D). Therefore, these four peaks were observed only when the electric 
field was applied to the catalyst bed. They were assigned to the stretching, combination 
tone, overtone, and bending modes of N–H vibrations derived from NH4+ (36). In addition, 
these species remained on the catalyst surface after cessation of the electric field. 
Presumably, NH4+ was produced from synthesized NH3 and protons. Protons are 
generated from the H2 and are hopping on the catalyst surface when applying the electric 
field. The ammonium cation only exists in a stable form on the catalyst. Figure 3-10 (E) 
shows in-situ DRIFTS spectra with D2. The peaks derived from isotopes did not appear 
merely by supplying D2 to the produced ammonium ions (spectrum 2). However, upon 
application of the electric field, two peaks assigned to the combination tone and overtone 
modes of ND4+ were observed at around 2252 and 2131 cm−1 (spectrum 3) (36). These 
peaks were weakened under H2 flow conditions in the presence of the electric field 
(spectrum 6). Based on the observations described above, protons are regarded as hop via 
NH4+ ions when an electric field is applied to the catalyst bed. The electric field could not 
be applied without supplying H2. Figure 3-10 (B) shows in-situ DRIFTS spectra while 
supplying NH3 at 473 K. Peaks derived from NH3 and N2 species were also detected at 
around 3333, 1626, 1542, and 2178 cm−1 (13,37,38). However, peaks assignable to N–H 
vibrations derived from NH4+ were extremely weak compared with those in Figure 3-10 
(a), even when applying the electric field. These results show that surface protonics occur 
only when the forward reaction for ammonia synthesis proceeds in the presence of the 
electric field. 
 
Our analysis of IR measurements revealed that NH4+Cl- (36) was produced in the electric 
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field. Actually, Cl is regarded as derived from the metal precursor: RuCl3 · (3H2O). 
Therefore, to investigate the influence of Cl on activity, we prepared Cl-free catalyst using 
metal precursor Ru(acac)3. Table 3-7 presents activities for both catalysts using Cl 
precursor and acac precursor. The ammonia synthesis rate, TOF (using CO pulse 
adsorption results, shown in Table 3-1), and the apparent activation energy were almost 
equal for the two catalysts. Table 3-8 and Figure 3-11 present results for isotope exchange 
tests. The N2 dissociative rate was calculated using the same procedure as that used for 
Cl precursor catalyst (Table 3-9). These results demonstrate that both catalysts exhibited 
almost identical performance, and also that N2 dissociative rate per unit of electric power 
was the same value. Therefore, the mechanisms for ammonia synthesis in the electric 
field with two catalysts are regarded as the same. The Cl species is not related to the 
promotion of ammonia synthesis in the electric field. 
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3.3.3 Kinetic isotope effect on ammonia synthesis in an electric field (70) 
 
  To evaluate the ammonia synthesis rates using isotopes in the electric field, reaction 
rates over Cs/Ru/SrZrO3 with the electric field under N2/H2 and N2/D2 are evaluated and 
presented in Figure 3-12. As presented in Figure 3-12, the ammonia synthesis activity in 
the electric field under N2/D2 is higher than that under N2/H2 (rH/rD = 0.75, 555 K). When 
D2 was used, the response voltage also increased as presented in Table 3-10. However, 
the catalytic activity for ammonia synthesis was strongly dependent on the imposed 
current (Fig. 3-13 (A)), rather than voltage (Fig. 3-13 (D)) and electric power (Fig. 3-13 
(B)). Therefore we can reasonably infer that these results correspond to the inverse 
isotope effect. For the conventional Ru-catalyst, no isotope effect was observed without 
the electric field because the rate can be described as r=kPN20.7PH2-0.1PNH3-0.2 as shown in 
section 3.3.1. This fact suggests that the electric field affects change in the reaction 
mechanism. Therefore, a detailed investigation was conducted. 
 
  In ammonia synthesis, isotope effects only emerge on hydrogenation of adsorbed NHx 
species that include isotopes. When the hydrogenation steps (eqs. 13–15) are in an 
equilibrium state, an inverse isotope effect was observed, as Ozaki et al. (60) reported for 
an iron-based catalyst. By contrast, a primary–kinetic–isotope effect is visible if the 
hydrogenation steps are in a kinetic region. 
 
 N2 + 2σ  2 Nad (10) 
 H2 + 2σ  2 Had (11) 
 Nad + Had  NHad + σ (12) 
 NHad + Had  NH2ad + σ (13) 
 NH2ad + Had  NH3ad + σ (14) 
 NH3ad  NH3 + σ (15) 
 θV = 1/{1 + Σ(θi /θV)} (16) 
The vacant site is approximated as shown below. 
1) Large amount of vacant site: θV ≈ 1/(1 + 0) = 1 
2) Large amount of adsorbate A: θV ≈ 1/(θA /θV) 
 
  To elucidate the isotope effect on hydrogenation in the electric field, we conducted IR 
measurements using isotopes. Figure 3-14 presents infrared spectra in the effluent gas of 
N2+H2+D2 with/without the electric field. As shown in Figure 3-14 (B), the peak near 
3300 cm-1 is assigned to N–H stretching mode from NH3. The peak near 2500 cm-1 is 
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assigned to N–D mode (61). The amount of NH3 was derived from the Beer–Lambert law 
shown in Figure 3-15. Moreover, the amount of NH3-xDx (x = 1, 2, 3) was calculated by 
deducting the NH3 synthesis rate derived from the Beer–Lambert law from NH3-xDx (x = 
0, 1, 2, 3) synthesis rates detected using the method shown in section 3.2.2. Regarding 
the reaction at 773 K without the electric field, the value of PNH3/ (PNH3-xDx - PNH3) was 
0.7 (from Fig. 3-14 (D)), which corresponds to the equilibrium state in hydrogenation–
dehydrogenation of NH(D)x. Furthermore, the value at 573 K without the electric field 
was 2.3 (from Fig. 3-14 (C)), which means that the hydrogenation of NH(D)x is in a 
kinetic region (62). With application of the electric field at 473 K (Fig. 3-14 (B)), 
hydrogenation with H was superior to that with D compared to the data in Figure 3-14 
(D), which corresponds to the hydrogenation at 773 K without the electric field. The value 
of PNH3/ (PNH3-xDx - PNH3) at 473 K with the electric field was calculated as 1.92, which 
indicates a primary-kinetic-isotope effect (62). 
 
From these results, a primary-kinetic-isotope effect was observed on hydrogenation of 
adsorbed nitrogen species in the electric field at 473 K (Fig. 3-14 b)). An inverse isotope 
effect was observed for ammonia synthesis in the electric field, as shown in Figure 3-12. 
These phenomena indicate that hydrogenation does not affect the ammonia synthesis rate. 
So the reaction mechanism in the electric field is completely different from the 
conventional catalytic reactions. Considering this phenomenon, the reaction mechanism 
in the electric field can be regarded as shown below. 
 
 H2  2 had (17) 
 Had  H+ + e- (18) 
 N2 + H+  N2H+ (19) 
 NH+ + e-  NH (20) 
 N2H+  Nad + NH+ (21) 
 Nad + 3H  NH3  (22) 
 N2H+ + NH3  N2 + NH4+ (23) 
 NH4+  NH3 + H+ (24) 
   
In the discussion of our novel mechanism, rate determining step approximation is not 
used. For that reason, the rate determining step approximation was not used. The results 
of isotope exchange tests with 30N2 presented in Figure 3-7 suggest that N2 dissociation 
is significantly promoted with the electric field, meaning that the rate of N2 dissociation 
is close to that of hydrogenation. Alternatively, a steady-state approximation was 
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considered. Assuming a steady state as shown in eq. 25, the concentration of the specific 
species N2H+ is expressed as eq. 27. The overall reaction rate is expected to be 
proportional to the concentration of N2H+, as presented in eq. 28. In these equations, α is 
a constant between 0 and 1 because the N2H+ formation step is expected to be a pseudo-
first-order reaction. 
 
 d [N2H+] /dt = kaPN2α[H+] – kb[N2H+]PNH3 –k[N2H+] = 0 (25) 
 (k + kbPNH3)[N2H+] = kaPN2α[H+] (26) 
 [N2H+] = kaPN2α[H+] /(k + kbPNH3) (27) 
 r = k[N2H+] = k kaPN2α[H+] /(k + kbPNH3) = kaPN2α[H+] /(1 + kb/k PNH3) (28) 
 
Experimental results for reaction orders with the electric field show good agreement 
with eq. 28: The order for nitrogen is α << 1; that for hydrogen is zero; and that for 
ammonia is negative. An elementary step expressed in eq. 23 shows H+ subtraction from 
N2H+ by the basicity of NH3, which indicates deactivation of N2H+ to form N2. The 
denominator in eq. 28 expresses a ratio of this deactivating reaction. Suppressing reaction 
(23) is expected to increase the overall reaction rate because the denominator is close to 
unity. The observed inverse isotope effect can be regarded as a result of primary–kinetic–
isotope effect for hydrogen subtraction process from N2H+ as shown in Figure 3-16. With 
the theoretical value of the N–H primary–kinetic–isotope effect of 2.85 (62–64), rH/rD was 
calculated as 0.73 using eqs. 29 and 30 (exponent value 0.3 is adopted from an 
experimental value for a reaction order of ammonia with an electric field) as presented in 
section 3.3.1. 
 
 r = kaPN2[H+] /(1+ k/kbPNH3) ≈ kaPN2[H+] /(k/kbPNH3)0.3 (29) 
 rH /rD = (k/kb)D /(k/kb)H = kb, H /kb, D (30) 
 
The calculated value rH/rD (i.e. 0.73) shows excellent agreement with the experimental 
value of 0.75, indicating that the mechanism under the electric field is well described by 
the mechanism explained above (also in Fig. 3-16). Therefore, nitrogen dissociation, 
which is the rate-determining step over ordinary heterogeneous catalyst, is promoted by 
the formation of N2H+ intermediate with the electric field. The N–N vibrational frequency 
of N2H+ (65) is significantly lower than that of N2 (66). Lowering the N–N vibrational 
frequency reflects weakening of the nitrogen bonds (13, 67). Therefore, on the mechanism 
through N2H+, it is easier to dissociate strong nitrogen triple bonds. Theoretical 
calculations also dictate the possibility of dissociating nitrogen, even at low temperatures, 
107 
 
by virtue of direct hydrogen addition to nitrogen (41), similar to nitrogenase (68, 69). The 
experimentally obtained results presented in this section are strong evidence supporting 
this N2H+ intermediate mechanism. 
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3.3.4. Theoretical calculations for ammonia synthesis with/without electric field 
 
  From experimentally obtained results related to ammonia synthesis on Ru, we 
considered that two reaction mechanisms are plausible for ammonia synthesis: One is 
well known as a multistep reaction that is expressed as the following elementary steps 
(10)–(15) (54), which is designated as a dissociative mechanism. The other is designated 
as an associative mechanism because the association of N2 and surface H atom takes place 
before N2 dissociation, which is expressed as the following elementary steps (17)–(22). 
Here, the N–N bond dissociation process was assumed to take place from N2H species. 
 
  The difference between the two mechanisms was investigated using results of 
theoretical calculations. First, we consider the main reaction sites for ammonia synthesis. 
Figures 3-17 and 3-18 show TEM images of Ru particle supported on SrZrO3, and the 
proposed models of for Ru particle. The figures show that the Ru particle surface consists 
mainly of Ru(0001), Ru(101
―
1) and Ru(101
―
0) facets. Among them, Ru(0001), Ru(101
―
1) 
are exposed to the particle surface. Based on this experimentally obtained result, we 
inferred that the mainly exposed facets of Ru particle are Ru(0001) and Ru(101
―
1). 
Therefore, the theoretical calculations for these surfaces were considered. The definitions 
of adsorption sites on Ru(0001) and Ru(101
―
1) are presented in Figure 3-4. 
 
  Before investigation of NH3 synthesis, the effects of electric fields on the catalyst 
system were examined by comparison between experimental and theoretical results on 
in-situ IR spectroscopy using CO as probe molecules. The experimentally obtained results 
are presented in Figures 3-19 and 3-20. As shown in Figures 3-19 and 3-20, the 
appearance of the obtained peaks changed into broad ones with the electric field 
application. If we use each background spectrum (BKG), which was recorded at 523, 573, 
and 623 K against the obtained spectrum at 473 K in the electric field, then almost 
identical spectra with the original one (background at 473 K) were obtained, as presented 
in Figure 3-21. Furthermore, as Figure 3-22 shows, the obtained spectra at high 
temperature around 673 K without the electric field demonstrate that only gas phase of 
CO peaks were observed because of the high temperature. These two results indicate that 
the change of peak appearance (broad peaks) by the electric field application is not 
derived from the catalyst bed heating, but from various CO adsorbates. One research 
group elucidated the polarization effect of catalyst for ammonia synthesis with DC current 
supply (22). There might be an analogy, indicating that our Ru catalyst is polarized to some 
extent during the electric field application, resulting in producing various CO adsorbates 
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(broad peaks). Therefore, we estimated the electron state of Ru surface via the peaks of 
CO adsorbate with/without the electric field. When using Cs-Ru catalyst, the peak 
assigned to linear CO around 1986 cm−1 (55, 56) shifted to around 2000 cm−1, as shown in 
Figure 3-19. Moreover, when using Ru catalyst without Cs, the peaks assigned to 
adsorbed CO on a hollow site around 1750 and 1890 cm−1 (57–59) show a clear blue-shift 
of about 20–30 cm−1, as shown in Figure 3-20. This blue-shift with Ru catalyst was more 
readily apparent and greater than that obtained with Cs-Ru catalyst. These results imply 
the effect of Cs addition, which is regarded as an electron donor toward Ru (6–11). However, 
the blue-shift of peaks derived from CO vibrational frequency was observed in both cases 
with/without Cs addition, especially without Cs addition only when the electric field was 
applied to the catalyst bed. The blue-shift of peaks assigned to adsorbed CO reflected that 
the electron state of Ru changed by application of the electric field. Previous studies 
revealed that the peaks assigned to adsorbed CO showed blue shift when Ru was oxidized 
to some degree (55, 56); this blue-shift was observed when the electron state of Ru became 
positive. 
 
This experimentally observed blue-shift was confirmed by our theoretical calculations. 
Table 3-11 presents the influence of Ru charges on CO adsorbed onto Ru(0001) and 
Ru(101
―
1) by calculations. On Ru(0001), it is widely known that CO preferentially adsorbs 
on either on-top of hcp three-fold hollow sites (57–59). Therefore, we considered CO 
adsorptions on these sites. Here, the electric field was expressed by introducing positive 
and negative charges on the system. Introduction of negative and positive charges on the 
system induces the elongation and contraction of C–O bond from that of neutral system. 
For example, the addition of one electrons on the system elongates the C–O bond by 0.008 
Å, whereas removal of two electrons shortens the C–O bond by 0.005 Å. Our calculation 
has shown that positive and negative charges affect the C–O stretching frequency. As 
shown in Table 3-11, the addition and removing of electrons in the system induces the 
decrease and increase of C–O stretching frequency, respectively. For example, ca. 33 and 
35 cm−1 decrease and increase of C–O stretch frequencies have been observed 
respectively when adding or removing one electron of the system. It is noteworthy that 
these frequency shifts are in accordance with the C–O bond length dependence on positive 
and negative charges: positive charge induces contraction on the C–O bond and blue-shift 
in the spectrum, whereas a negative charge induces the CO elongation and red-shift. 
 
Again, the increase in the C–O stretching frequency when removing electrons from the 
Ru-CO system corresponds to the experimentally observed blue shift observed around 
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1750–2000 cm–1. Therefore, we conclude that the Ru surface under an electric field can 
be expressed by introducing positive charges on or removing electrons from the system. 
 
Next, to elucidate the detailed reaction mechanism of ammonia synthesis in the electric 
field, we investigated the detailed energetic change of elementary reactions along the 
reaction path. We consider an ammonia synthesis reaction proceeding via a dissociative 
or an associative mechanism. Results of an earlier theoretical study by Garden et al. 
suggest that the rate-determining steps of dissociative and associative mechanisms are, 
respectively, the N2 dissociation and N2H formation steps (42). Based on this model, we 
conducted geometry optimization of transition state for N2 dissociation and N2H 
formation reactions on Ru. Both (0001) and (101
―
1) facets were examined because these 
facets mainly compose the Ru particle, as observed from the TEM experiment presented 
in Figure 3-17. In Figure 3-23, structures of the reactant state, transition state, and product 
state for these reactions are shown. Structures in the figure are those of the neutral charge 
system, i.e. without the electric field. We observed no significant change in the structures 
of the reactant state, transition state, or product state between neutral and charged 
systems: The effect of electric field on the kinetics is mainly via the stability of the surface 
species and not via the structural factor. 
 
The formation energy (∆E) and activation barrier (Ea) of these steps are presented in 
Figures 3-23 and 3-24. The electric field effect is expressed by the positive charge in the 
system because our calculations related to the CO vibrational frequency have shown that 
applying electric field to the Ru catalyst bed is well expressed by the positive charge. 
Actually, ∆E in Figure 3-23 shows that, irrespective of the facets, application of the 
electric field prevents the N2 dissociation but promotes the N2H formation. Without an 
electric field, the N2H formation was an endothermic process. In this case, the reverse 
reaction of N2H decomposition becomes faster than the formation. When electric field 
was applied, however, the N2H species stably exists on the surface. The Ea plot in Figure 
3-24 shows a similar tendency: The N2 dissociation becomes slower, but the N2H 
formation becomes faster under electric field. The amount of the positive charges was 
changed up to 15. This state corresponds to removing ca. 2% of valence electrons from 
the whole system because our model system contains ca. 760 electrons. The decrease of 
N2H formation Ea is notable because it becomes from 1.23 eV to 0.56 eV by application 
of an electric field. The calculated activation energies (Ea) of these processes also indicate 
that N2H is formed more easily when the electric field is applied; Ea significantly 
decreased from 0.93 eV (N2 dissociation) to 0.61 eV (N2H formation) when 15 positive 
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charges were introduced into the computational model. Here, the Ea values on Ru(101
―
1) 
were used because this surface has a larger area in the assumed Ru particle (Fig. 3-17). 
This larger area explains the significant decrease of the activation energy with application 
of the electric field. 
 
  In addition to the activation energy, the experimental Arrhenius plot in Figure 3-5 (B) 
suggests that application of the electric field causes a large decrease in the pre-exponential 
factor. It is particularly interesting that, based on transition state theory, the pre-
exponential factors for the dissociative and associative mechanisms are different to a 
considerable degree because they are calculated as 
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respectively, where kB and h respectively represent the Boltzmann and Planck constants, 
qN2 and qH2 are the molecular partition functions for N2 and H2, and qTS,diss and qTS,asso are 
the molecular partition functions for the transition states of the dissociative and 
associative mechanisms. The presence of qH2 in the denominator of equation (32) makes 
Aasso smaller than Adiss by 4.5 × 102. 
 
Based on these pre-exponential factors and calculated activation energies, a theoretical 
Arrhenius plot can be constructed (Fig. 3-24 (B)). Our theoretical plot can explain two 
important differences between the experimental plots with and without the electric field, 
when an associative mechanism is assumed for the ammonia synthesis reaction under an 
applied electric field. Consequently, our calculation assuming the associative mechanism 
explains both large decreases in Ea and the pre-exponential factor. This fact suggests 
strongly that the ammonia synthesis reaction with and without the electric field proceeds 
respectively via different mechanisms: dissociative and associative mechanisms. 
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3.3.5 Reaction mechanism for ammonia synthesis in an electric field 
 
Our experimental and theoretical investigations demonstrated that proton hopping in 
an electric field on the catalyst surface plays an important role in N2 activation at low 
temperatures. The proposed mechanism for ammonia synthesis in the electric field is 
presented in Figure 3-25. The peculiar surface conduction caused by the electric field, 
proton hopping, is regarded as enabling ammonia synthesis to proceed at low 
temperatures and at atmospheric pressure. 
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3.4 Conclusion 
 
  Ammonia synthesis was performed over a 9.9 wt% Cs/5.0 wt% Ru/SrZrO3 catalyst in 
an electric field under various pressures. The ammonia synthesis activity of this catalyst 
increased drastically upon application of the electric field under both atmospheric and 0.9 
MPa pressure, even at low reaction temperatures. The maximum ammonia yield per gram 
of catalyst was 30,099 µmol g−1 h−1, which is the highest value reported to date. To 
elucidate the effects of the electric field on ammonia synthesis, a kinetic investigation and 
in-situ DRIFTS measurements were conducted under atmospheric pressure. Results of 
our kinetic analyses demonstrated that both the apparent activation energy and the 
dependence of the reaction rate on N2 pressure decreased by the application of the electric 
field, indicating clearly different reaction mechanisms with and without application of the 
electric field. Furthermore, isotope exchange tests demonstrated that N2 dissociative 
adsorption was markedly promoted by application of an electric field. The in-situ 
DRIFTS results revealed that proton conduction via NH4+ and the catalyst support 
occurred when the electric field was applied. These unique surface protonics are strongly 
associated with N2 activation, which moderates the severe conditions necessary for 
ammonia synthesis. The mechanism of ammonia synthesis in the electric field proposed 
here was also supported by both experimental tests with isotope and theoretical 
calculations, demonstrating that the mechanism changed from dissociative to associative 
by application of the electric field. In summary, surface protonics induced by application 
of the electric field have an important role to play in the enhancement of catalytic 
ammonia synthesis under mild conditions. 
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Figure 3-1 Schematic image of reactor. 
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Figure 3-2 Schematic image of in-situ DRIFTS measurement apparatus. 
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Figure 3-3 XRD patterns for respective catalysts (support only, Ru-load catalyst and 
after reaction in an electric field): 
(A) CeO2, (B) ZrO2, (C) Ce0.5Zr0.5O2, (D) SrCeO3, and (E) SrZrO3. 
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Figure 3-4 Surface model and definition of adsorption sites on Ru: (A) Ru(0001) and 
(B) Ru(1011). 
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Figure 3-5 Temperature dependence of ammonia synthesis rate with or without an 
electric field under various conditions: 
(A) activities for ammonia synthesis under various pressures; (B) Arrhenius plots for 
each reaction under 0.1 MPa in a kinetic region; 463–634 K catalyst bed temperature; 
catalyst, 9.9 wt%Cs/5.0 wt%Ru/SrZrO3, 200 mg; flow, N2 : H2 = 60 : 180 SCCM; 0 or 6 
mA current. 
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Figure 3-6 Activity test over 9.9 wt%Cs/5.0 wt%Ru/SrZrO3 catalyst: 
200 mg catalyst weight; 473 K furnace temperature,; 624 K catalyst bed temperature; 
flow, N2 : H2 = 60 : 180 SCCM; 6 mA current. 
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Figure 3-7 Isotope exchange tests under atmospheric pressure (0.1 MPa) using 30N2: 
(A) with an electric field at 473 K; (B) without an electric field at 573–673 K; catalyst, 
9.9 wt%Cs/5.0 wt%Ru/SrZrO3, 200 mg; flow, 28N2 : 30N2 : H2 : Ar = 6 : 6: 36: 12 
SCCM; 0 or 6 mA current. 
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Figure 3-8 Isotope exchange tests using 30N2 without an electric field at various 
temperatures: 
After pre-reduction at 723 K, hydrogen was purged with Ar for 30 min. Then the 
temperatures were set for respective tests: catalyst, 9.9 wt%Cs/5.0 wt%Ru/SrZrO3, 200 
mg; flow, 28N2 : 30N2 : H2 : Ar = 6 : 6: 0: 48 SCCM. 
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Figure 3-9 Schematic image of the N2 dissociation process for calculation of the N2 
dissociative rate in an electric field. 
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Figure 3-10 In-situ DRIFTS spectra with, without, and stopping electric field (EF): 
(A) N2 : H2 = 15 : 45 SCCM at 473 K; (B) 10%NH3/He : Ar = 1 : 59 SCCM at 473 K; 
(C) N2 : Ar = 15 : 45 SCCM at 473 K; (D) N2 : H2  = 15 : 45 SCCM at 648 K (without 
EF, only catalytic reaction); (E) with isotope (D2) at 473 K; (1) after imposing EF with 
N2 and H2; (2) D2 (15 SCCM) was supplied; (3) D2 with EF (10 mA); (4) after imposing 
EF with D2; (5) H2 (15 SCCM) was supplied again; (6) H2 with EF (10 mA); (7) after 
imposing EF with H2; catalyst, 9.9 wt%Cs/5.0 wt%Ru/SrZrO3; 0, 6 or 10 mA current. 
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Figure 3-11 Isotope exchange tests using 30N2: 
473 K furnace temperature,; catalyst, 9.9 wt%Cs/5.0 wt%Ru(acac)/SrZrO3, 200 mg; 
flow, 28N2 : 30N2 : H2 : Ar = 6 : 6: 36: 12 SCCM; 0 or 6 mA current. 
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Figure 3-12 Reaction rates of ammonia synthesis with electric field over Cs/Ru/SrZrO3 
under D2/N2 = 3 () and H2/N2 = 3 (). 
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Figure 3-13 Effects of electric factors on ammonia synthesis rates with an electric field 
over Cs/Ru/SrZrO3 catalyst: 
(A) effect of current on activity; (B) effect of electric power on improving activity; (C) 
effect of voltage on activity; (D) relation between current and voltage; () without 
electric field; () increasing current with electric field; and () decreasing current with 
electric field. 
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Figure 3-14 Infrared spectra for effluent gas of activity tests: 
 a) without electric field at 723 K under H2:N2 = 3:1; b) with an electric field at 473 K 
under H2:D2:N2 = 3:3:2; c) without an electric field at 573 K under H2:D2:N2 = 3:3:2; 
and d) without an electric field at 773 K under H2:D2:N2 = 3:3:2. 
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Figure 3-15 Beer–Lambert law of the optical system for evaluating effluent ammonia. 
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Figure 3-16 Reaction mechanism a) without electric field using H, b) with electric field 
using D, and c) potential diagram for N, H, and D. 
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Figure 3-17 (A) TEM images of Ru particle supported on SrZrO3 and (B) proposed 
models for Ru particles. 
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Figure 3-18 Various TEM images of Ru particles supported on SrZrO3. 
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Figure 3-19 In-situ IR spectra with CO: 
(a) before applying EF; (b) with EF (6 mA, 0.58–0.61 kV); (c) after stopping EF; 473 K 
temperature; catalyst, 9.9 wt%Cs/5.0 wt%Ru/SrZrO3; flow, N2 : H2 : CO = 15 : 45 : 1 
SCCM; 0 or 6 mA current. 
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Figure 3-20 In-situ IR spectra with CO: 
(a) before applying EF; (b) with EF 5 min (6 mA, 0.49–0.52 kV); (c) with EF 10 min (6 
mA, 0.50–0.60 kV); (d) after stopping EF; 
473 K temperature; catalyst, 5.0 wt%Ru/SrZrO3; flow, N2 : H2 : CO = 15 : 45 : 1 
SCCM; 0 or 6 mA current. 
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Figure 3-21 In-situ IR spectra with various background (BKG) temperature: 
 Catalyst, 9.9 wt%Cs/5.0 wt%Ru/SrZrO3; 473 K furnace temperature; flow, N2 : H2 : 
CO = 15 : 45 : 1 SCCM; 6 mA current. 
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Figure 3-22 In-situ IR spectra under various conditions: 
 Catalyst, 9.9 wt%Cs/5.0 wt%Ru/SrZrO3; flow, N2 : H2 : CO = 15 : 45 or 0 : 1 SCCM; 
0 or 6 mA current. 
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Figure 3-23 Optimized structures of reactant state, transition state (TS), and product 
state of N2 dissociation and N2H formation reactions on Ru(0001) and Ru(1011), and 
their dependence on the electric field strength, expressed by the magnitude of positive 
charge. 
On Ru(0001), the dissociated N atoms occupy fcc and hcp hollow sites. Then N2H 
formation generates N2H adsorbed onto hcp sites. On Ru(1011), both the dissociated N 
atoms and the generated N2H occupy four-fold hollow sites. 
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Figure 3-24 Theoretical calculations for ammonia synthesis with/without an electric 
field. 
(A) Activation energy of N2 dissociation and N2H formation reactions on Ru(0001) and 
Ru(1011), and its dependence on the electric field expressed by the positive charge. 
Nudged elastic band method was employed. 
(B) Arrhenius plot of ammonia synthesis reaction with and without electric field, 
estimated both experimentally and theoretically. Pre-exponential factor of experimental 
Arrhenius plot was estimated from Eqs.(31) and (32) for with/without electric field 
reactions, respectively. Activation energy of fifteen positive charges was used in the 
computational Arrhenius plot with an electric field. Values for Ru(1011) were taken. 
(B) 
(A) 
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Figure 3-25 Schematic illustration of the mechanism of the ammonia synthesis reaction 
in an electric field. 
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Table 3-1 Results of CO pulse for various catalysts. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Catalyst Dispersion ratio Average particle diameter/ % / nm
9.9wt%Cs/Ru (Cl precursor) /SrZrO3 8.13 16.4 
9.9wt%Cs/Ru (acac precursor) /SrZrO3 5.56 24.1 
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Table 3-2 Activities for ammonia synthesis with or without an electric field: 
Catalyst, 9.9 wt%Cs/5.0%Ru/SrZrO3, 200 mg; flow, N2 : H2 = 60 : 180 SCCM; 6 mA 
current. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Pressure Tthermocouple Voltage
Ammonia synthesis 
rate
Apparent activation energy 
Ea
/ MPa / K / kV / μmol g-cat-1 h-1 / kJ mol-1
0.1
524 
-
38 
110
574 266 
599 778 
624 2331 
633 2737 
0.3
599 
-
1247 
109612 2074 624 3211 
633 4077 
0.5
523 
-
38 
129573 519 
623 4282 
0.9
573 
-
567 
121
598 1232 
614 3025 
624 4699 
634 5537 
0.1
524 -0.44 1415 
53574 -0.35 4672 
614 -0.49 8339 
0.5
463 -0.46 2617 
32 527 -0.44 5309 574 -0.37 10494 
627 -0.31 23664 
0.9
474 -0.28 3208 
37523 -0.35 6453 576 -0.43 14614 
624 -0.47 30099 
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Table 3-3 Activities for ammonia synthesis over various catalysts in an electric field: 
473 K furnace temperature; 200 mg catalyst weight; flow, N2 : H2 = 60 : 180 SCCM; 6 
mA current; loaded Ru, 5.0 wt%. 
 
 
 
 
Table 3-4 Kinetic data for analyzing N2, H2, and NH3 pressure dependence of the 
ammonia synthesis rate: 
 catalyst, 9.9 wt%Cs/5.0%Ru/SrZrO3, 200 mg; flow, 220–280 SCCM, H2/N2 = 3 for 
NH3 pressure; 240 SCCM with He as a balance gas for N2 and H2 pressure; 0 or 6 mA 
current. 
 
Catalyst Tthermocouple Voltage Ammonia synthesis rate per electrical power consumption
/ K / kV / mmol g-cat-1 J-1
Ru/CeO2 513 -0.12 17 
Ru/ZrO2 613 -0.45 32 
Ru/Ce0.5Zr0.5O2 594 -0.40 62 
Ru/SrCeO3 563 -0.29 32 
Ru/SrZrO3 578 -0.30 78 
3.3wt%Cs/Ru/SrZrO3 545 -0.24 82 
6.6wt%Cs/Ru/SrZrO3 549 -0.27 74 
9.9wt%Cs/Ru/SrZrO3 532 -0.22 202 
13.2wt%Cs/Ru/SrZrO3 527 -0.22 156 
Condition
1/q PN2 or PH2
Furnace
Temperature Tthermocouple
Ammonia 
synthesis rate Voltage y0 c Orders
h mol-1 / atm / K / K / μmol g-cat-1 h-1 / kV 10-4 /- 10-4 / mol h-1 r = k PN2α PH2β PNH3γ
Without
electric field
(NH3)
1.45 
Const.
(PN2 = 0.25 atm, 
PH2 = 0.75 atm) 
623
634 2163 
-
6.29 
- -0.1 (γ)1.58 637 2250 7.07 1.78 636 2220 7.91 
1.93 634 2109 8.13 
With
electric field
(NH3)
1.44 
473
547 575 -0.22 1.67 
- -0.26 (γ)1.66 542 567 -0.21 1.89 1.81 545 543 -0.22 1.95 
2.00 545 541 -0.22 2.17 
Without
electric field 
(N2)
1.74 0.20 
623
635 1922 
-
6.68 2.04 
0.68 (α)1.72 0.24 634 2129 7.30 2.28 1.72 0.30 633 2484 8.55 2.70 
1.73 0.35 635 2738 9.47 3.01 
With
electric field 
(N2)
1.72 0.24 
473
532 599 -0.20 2.06 0.167 
0.24 (α)1.72 0.27 533 601 -0.18 2.07 0.168 
1.71 0.37 530 647 -0.20 2.21 0.184 
Without
electric field 
(H2)
1.73 0.58 
623
635 2173 
-
7.39 2.33 
-0.21 (β)1.74 0.62 634 2075 7.20 2.29 1.74 0.69 635 2131 7.20 2.22 
1.74 0.77 635 2052 7.14 2.19 
With
electric field 
(H2)
1.74 0.58 
473
544 698 -0.23 2.46 0.204 
0 (β)1.75 0.63 543 690 -0.23 2.40 0.200 1.74 0.70 544 706 -0.23 2.46 0.206 
1.76 0.79 545 683 -0.23 2.37 0.197 
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Table 3-5 Isotope exchange tests with or without an electric field. 
*The N2 dissociative rate was calculated from equations (7)–(9). 
 
 
 
 
 
 
 
Table 3-6 Calculation results of the N2 dissociative rate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Condition
Furnace
Temperature Tthermocouple Voltage Out flow rate / μmol min
-1 Ammonia synthesis 
rate
N2 dissociative 
rate*
/ K / K / kV 28N2 30N2 29N2 / μmol g-cat-1 h-1 / μmol g-cat-1 h-1
With
Electric 
Field
17 min 473 597 -0.70 251 224 59.2 1742 36000
Without
Electric 
Field
10 min 573 574 
-
227 237 
Limit of 
Detection
155 
-8 min 623 625 217 248 432 7 min 648 649 215 248 1003 
8 min 673 673 214 248 1521 
Vin1 Vout1 f14
/ 104 µmol g-cat-1 h-1 / -
3.65 3.57 0.53
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Table 3-7 Activities for ammonia synthesis with an electric field: 
catalyst, 9.9 wt%Cs/5.0%Ru/SrZrO3, 200 mg; flow, N2 : H2 = 60 : 180 SCCM; 6 mA 
current. 
 
 
 
 
 
Table 3-8 Isotope exchange tests with or without an electric field. 
*The N2 dissociative rate was calculated from equations (7)–(9). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Precursor
Furnace
Temperature Tthermocouple Voltage Ammonia synthesis rate Apparent activation energy Ea Turn Over Frequency
/ K / K / kV / μmol g-cat-1 h-1 / kJ mol-1 10-3 / s-1 10-3 / J-1
acac
423 505 -0.24 566 
31.2
5.7 4.0 
473 542 -0.23 769 7.8 5.6 
523 591 -0.26 1314 13.3 8.5 
573 630 -0.20 1985 20.0 16.7 
598 654 -0.22 3380 34.1 25.9 
Cl
373 491 -0.30 306 
38.2
2.1 1.2 
473 544 -0.21 537 3.7 3.0 
523 588 -0.22 1001 6.9 5.3 
573 630 -0.21 1865 12.9 10.2 
603 662 -0.21 3621 25.0 20.1 
Precursor
Time FurnaceTemperature Tthermocouple Voltage Out flow rate / μmol min
-1 Ammonia 
synthesis rate
N2 dissociative 
rate*
N2 dissociative rate per 
electric power
/ min / K / K / kV 28N2 30N2 29N2 / μmol g-cat-1 h-1 / μmol g-cat-1 h-1 / μmol J-1
Cl 17 473 597 -0.70 251 224 59.2 1742 36000 0.48 
acac 9 473 604 -0.56 242 213 43.1 1574 26000 0.43 
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Table 3-9 Calculation results of N2 dissociative rate: for acac precursor 
 
 
 
 
 
 
 
 
Table 3-10 Isotope effects over 9.9 wt%Cs-5.0 wt%Ru / SrZrO3 in an electric field 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Preset temperature Catalyst-bed temperature current voltage Ammonia synthesis rate 1/T lnr E a
/ K / K / mA / kV / μmol g-1 h-1 / 10-3 K-1 / - / kJ mol-1
623.2 671.2 6 -0.19 2676 1.49 7.89
573.2 619.9 6 -0.15 1266 1.61 7.14
523.2 585.4 6 -0.20 933.6 1.71 6.84
473.2 534.8 6 -0.18 447.1 1.87 6.10
623.2 693.0 6 -0.25 3648 1.44 8.20
573.2 623.5 6 -0.21 2203 1.60 7.70
523.2 588.3 6 -0.25 1187 1.70 7.08
473.2 553.6 6 -0.29 780.4 1.81 6.66
Table Isotope effect over 9.9 wt%Cs/ 5 wt%Ru/ SrZrO3 with electric field
H2 38.2
D2 36.2
Vin1 Vout1 f14
/ 104 µmol g-cat-1 h-1 / -
2.67 2.59 0.53
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Table 3-11 C–O bond length (dCO, in Å), and C–O stretching frequency (νCO, in centimeters
−1) 
of CO adsorbed onto Ru(0001) and Ru(1011) by theoretical calculations 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Surface Property Adsorption site Charge
−3 −2 −1 0 1 2 3
Ru(0001)
dCO (Å)
on-top 1.183 1.180 1.173 1.165 1.161 1.156 1.152
hcp 1.218 1.215 1.208 1.202 1.195 1.189 1.184
fcc 1.212 1.208 1.200 1.194 1.189 1.182 1.177
νCO (cm−1)
on-top 1855.8 1877.0 1919.5 1953.4 1988.6 2018.1 2048.2
hcp 1608.3 1630.8 1668.6 1699.9 1734.0 1765.5 1790.3
fcc 1645.7 1666.4 1711.3 1742.4 1772.9 1812.3 1840.4
Ru(1011)
dCO (Å)
on-top 1.183 1.179 1.174 1.170 1.166 1.162 1.159
bridge1 1.186 1.182 1.178 1.174 1.170 1.165 1.162
hcp 1.213 1.208 1.203 1.198 1.194 1.189 1.185
fcc 1.200 1.194 1.189 1.185 1.180 1.176 1.171
4-fold 1.232 1.227 1.224 1.217 1.214 1.210 1.206
νCO (cm−1)
on-top 1845.1 1872.5 1905.6 1927.2 1949.5 1967.7 1991.4
bridge1 1798.7 1812.8 1831.6 1848.1 1869.5 1899.3 1925.5
hcp 1633.2 1660.3 1688.1 1715.9 1741.3 1766.9 1789.3
fcc 1626.3 1662.7 1686.5 1710.9 1736.9 1759.4 1785.5
4-fold 1526.9 1544.5 1566.3 1602.5 1615.7 1634.5 1650.5
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Chapter 4   Evaluation of surface protonics via AC 
impedance measurements 
 
4.1 Introduction 
 
Cerium oxide (ceria) is well known as a material exhibiting mixed conductivity of 
oxide ions (1–5) and electrons (1, 2, 6) over a range of temperatures, e.g. 150–1000 °C. 
Consequently, ceria and doped ceria are widely used for chemical and electrical energy 
conversion processes such as hydrogen production (7), automotive catalysis (8), CO2 
reduction (9), and in solid oxide fuel cells (10). In addition, nanoceramics of ceria doped 
with acceptors such as Sm (11) and Gd (12) have attracted attention because it is suggested 
that water can be incorporated into the lattice oxygen vacancy to show proton 
conductivity in these oxides at low temperatures (< 400 °C). At such low temperatures, 
the dependence of steam pressure on resistivity was also investigated with film-shaped 
bare CeO2 to elucidate the influence of steam addition on protonic conduction (13). 
 
Recently, proton conduction via adsorbed water onto oxides, so-called “surface 
protonics,” has also been investigated widely for nanocrystalline oxides such as Y-
stabilized ZrO2 (YSZ) (14, 15), TiO2 (16), and CeO2-based oxides (17–19), exhibiting surface 
protonic conduction under wet conditions. Actually, the total conductivity increases from 
a certain temperature at around 150–300 °C with decreasing temperatures. At lower 
temperatures, water adsorption onto the oxides is favorable. A hydrated surface is formed 
on nanocrystalline oxides by steam addition. Therefore, we might conclude that a layer 
of adsorbed water with hydrogen bonding forms, yielding high protonic conductivity at 
low temperatures. The surface proton transport mechanism is proposed to change from 
the Grotthuss mechanism to the vehicle mechanism with increasing thickness of the 
adsorbed water layer. By the Grotthuss mechanism, a proton hops from one –O-H species 
to the nearest available oxide ion species at high temperatures and low partial pressures 
of water. By the vehicle mechanism, however, H3O+ diffuses in liquid-like water at low 
temperatures and high partial pressures of water (15). It is noteworthy that various 
applications to a concentration cell exist for power generation at room temperature (20). 
Heterogeneous catalysis at low temperatures, as presented in chapter 2 and 3, can be 
anticipated with high protonic conductivity at low temperatures. 
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Detailed mechanisms of protonic surface transport in porous YSZ ceramic have also 
been investigated with equivalent circuits representing the ionic transport in internal 
grains and over the oxide surface (21). Use of a pellet having low density of approximately 
50% to extract surface protonic conduction revealed that humidity induces surface 
protonics onto the porous YSZ below 150 °C. Free protons are regarded as migrating in 
the chemisorbed water layer by the Grotthuss mechanism. The transport mechanism 
changes to a vehicle mechanism in the physisorbed layer at around 60% relative humidity, 
quite independent of temperature (21). 
 
As presented in chapter 2, our results detected the surface protonics via adsorbed 
water on CeO2 with in-situ spectroscopy. Therefore, one aim of this study is to evaluate 
and extract surface protonics on bare CeO2 under wet conditions via electrochemical 
measurements. Surface proton conduction was evaluated as a function of temperature and 
as a function of partial pressure of water at 400 °C, using pellets with low relative density 
of around 60% with AC impedance measurements. 
 
In addition to the above, surface protonics was observed even under dry (N2+H2) 
conditions on SrZrO3-based catalyst during ammonia synthesis in an electric field, as 
presented in chapter 3. SrZrO3-based oxides are well known to show mixed proton and 
electron conductivity (23–25). Therefore, an additional aim of this study is to evaluate and 
extract surface protonics on SrZrO3 even under dry (N2+H2) conditions via 
electrochemical measurements. Surface proton conduction was evaluated as a function of 
temperature and in terms of isotope effects using AC impedance measurements. 
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4.2 Experimental 
 
4.2.1 Sample preparation 
 
For this study, CeO2 (JRC-CEO-1) and SrZrO3 synthesized using a complex 
polymerization method (section 3.2.1) were used to prepare the pellets. First, CeO2 and 
SrZrO3 powders were suspended in iso-propanol and were crushed into fine particles 
using a planetary mill (Fritsch GmbH) with rotation at 300 rpm for 15 min with 
subsequent pausing for 10 min, and rotation again at 300 rpm for 15 min. After evacuation 
of the iso-propanol, CeO2 powders were pressed at 2 tons for 2 min and were calcined at 
1000 °C for 2 h under air. Powders of SrZrO3 were pressed at 130 kN for 30 min and 
calcined at 1250 °C for 12 h under air. The pellet diameter was 10 mm for CeO2 and 7.3 
mm for SrZrO3. The thicknesses were 1.0 mm for CeO2 and 1.6 mm for SrZrO3. The 
relative densities of the pellets were around 60%, calculated from the weight and the 
geometric factor of pellets. Then circular Pt electrodes were painted on both sides with Pt 
ink (Pt ink number 6926; Metalor Technologies UK Ltd.) and were calcined at 900 °C for 
1 h under air. 
 
4.2.2 Characterization of sample and AC impedance measurements 
 
X-ray diffractometry (XRD, MiniFlex600 with Cu-Kα radiation sources: λ = 1.5418 
Å; Rigaku Corp.) and scanning electron microcopy (SEM, 15 kV, S4500S; Hitachi Ltd.) 
were used to observe the structure and morphology of the prepared CeO2 and SrZrO3 
pellets. 
 
Electrochemical impedance spectroscopy (EIS) measurements for CeO2 were 
conducted in a measurement cell (ProboStat; NorECs AS, Norway) with a two-electrode 
four-wire set up connected to a Novocontrol alpha-A impedance spectrometer with a ZG4 
interface. A schematic illustration of measurement cell is presented in Figure 4-1. All AC 
impedance spectra were recorded within the frequency range of 107 – 10-3 Hz with 
amplitude of 0.1 V RMS. Temperature dependence of electrical conductivity was 
investigated in dry Ar at 150–500 °C or wet Ar flow (PH2O = 0.026 atm) at 125–400 °C. 
Partial pressure of water (PH2O) dependence of electrical conductivity was investigated at 
400 °C for PH2O of 0.026–0.2 atm by bubbling Ar through thermostatted water followed 
by a heated gas line to the measurement cell, which had a heated base unit. The obtained 
data were analyzed using equivalent circuit fitting software (ZView ver. 3.5a; Scribner 
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Associates Inc.). The respective resistances for career transport on surface bulk (intra) 
and on surface grain boundary (inter), and a model of the equivalent circuit are presented 
in Figure 4-2. Details were discussed in an earlier report (21). First, data recorded under 
dry conditions were analyzed without elements for components of surface career 
transport: intra and inter. Then data recorded under wet conditions were analyzed with 
the full equivalent circuit keeping parameters R and C fixed at the values obtained under 
the corresponding dry condition. In case Rb and Rgb, which denote the resistances for 
career transport in bulk and grain boundary, were too large compared with the surface 
protonic resistances, especially in case of high PH2O (> 0.05 atm), we used the simple 
equivalent circuit without elements for these components of internal grain carrier 
transport. Therefore, we obtained at most 6 or 4 (without parameters for electrode: Rel and 
Cel) parameters when one-time fitting was conducted. Finally, each conductivity (σintra, 
σinter, σb, and σgb) was calculated with equation (1), where S denotes the area calculated 
from the pellet diameter, and where L represents the pellet thickness. 
 
 σ = 1
𝑅𝑅
 𝐿𝐿
𝑆𝑆
 (1) 
 
Electrochemical impedance spectroscopy (EIS) measurements for SrZrO3 were 
conducted in the same measurement cell above. All AC impedance spectra were recorded 
at frequencies of 106 – 10-3 Hz with amplitude of 0.5 V RMS. Temperature dependence of 
electrical conductivity was investigated in N2 flow (60 SCMM) at 150–450 °C or in N2 
and H2 flow (PH2 = 0.75 atm) at 100–450 °C. At 150 °C and 350 °C, isotope effects were 
considered in N2 and D2 flow (PD2 = 0.75 atm) instead of H2. The obtained data were 
analyzed using equivalent circuit fitting software (ZView ver. 3.5a; Scribner Associates 
Inc.). Models of the equivalent circuit are presented in Figure 4-3. To extract the surface 
carrier transport in N2 and H2 flow, the component of surface ionic transport was 
developed in parallel to the component of interior carrier transport. Each conductivity was 
calculated using equation (1). 
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4.3 Results and discussion 
 
4.3.1 Surface proton conduction via adsorbed water on CeO2 
 
Before elucidating surface conductivity, the physicochemical properties of CeO2 
were confirmed using XRD and SEM. Results are presented in Figures 4-4 (A) and (B). 
The XRD pattern shows that the sample is single phase with a fluorite structure. 
Additionally, it is apparent from the SEM image that the sample has open pores on which 
water can be adsorbed, as sketched in Figure 4-2 (A). 
 
Next, we investigated Nyquist plots under dry and wet (PH2O = 0.026 atm) conditions 
at 400 °C and 200 °C. Results are presented in Figure 4-5. When dry Ar gas was supplied, 
two arcs are apparent at both 200 °C and 400 °C. These two arcs are attributable to the 
resistances of grain bulk and grain boundaries (Rb + Rgb). When the gas was switched to 
wet Ar (PH2O = 0.026 atm), the observed impedance arcs became much smaller. The effect 
of water vapor on the conductivity is clearer at lower temperatures (Fig. 4-5 B). 
 
To examine the temperature dependence trends for the respective components of 
conductivity, the resistance was separated into four components with an equivalent circuit 
as shown in Figure 4-2 (B). Figure 4-6 presents each apparent electrical conductivity and 
capacitance as a function of inverse temperature under dry and wet (PH2O = 0.026 atm) 
conditions. First, the conductivities and capacitances for the grain bulk and grain 
boundary components (σb, σgb, Cb, and Cgb) were interpreted based on results obtained 
under dry conditions. The results demonstrated that σgb was larger than σb. This fact might 
be attributable to the low relative density of pellets: having smaller particles of CeO2 and 
a larger number of grain boundary in the sample. Additionally, as shown in closed 
symbols in Figure 4-6, σb and σgb increased concomitantly with increasing temperatures, 
whereas both Cb and Cgb showed almost constant values of 150–500 °C. The calculated 
apparent activation energy (relative error was within ±3% based on the chosen regression 
intervals) for σb was 1.52 eV (300 °C ≤ T ≤ 500 °C) and 0.27 eV (below 300 °C), and for 
σgb were, respectively 1.19 eV (300 °C ≤ T ≤ 500 °C) and 0.34 eV (below 300 °C). An 
earlier report described that the apparent activation energy for σb and σgb is over 0.8 eV 
at high temperatures (> 475 °C), which represents the migration barrier of oxygen 
vacancies in CeO2 (1). Our apparent activation energies below 0.4 eV at low temperatures 
(< 275 °C) might be attributed to the activation enthalpy of electron conductivity in CeO2 
(1) but might alternatively be attributed to protonic surface transport on chemisorbed water 
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resulting from the residual water content (typically 30 ppm) in nominally dry atmospheres. 
 
Conductivity and capacitance under wet (PH2O = 0.026 atm) conditions were also 
measured and evaluated. Fixing the parameters for resistance and capacitance obtained 
from the results under dry condition (Rb, Rgb, Cb and Cgb), the parameters for the 
components of surface transport (Rintra, Rinter, Cintra and Cinter) were determined. With this 
procedure, the influence of residual water content on resistances for interior bulk and 
grain boundary (Rb, and Rgb) can be reflected when fitted for the results under wet 
conditions. As Figure 4-6 shows with open symbols, conductivities for surface transport 
(σintra and σinter) showed markedly different degrees of dependence on temperatures 
compared to those of σb and σgb. The conductivity increased from a certain temperature, 
300 °C for σintra and 150 °C for σinter, with lowering of the temperature. Such minima in 
the protonic conductivity have been observed also with undoped CeO2 (17). The increasing 
conductivity with decreasing temperature at constant PH2O might be attributed to 
increasing relative humidity and thereby thicker layers of physisorbed water and hence a 
lower activation energy of protonic transport in the increasingly liquid-like water layer 
(21). 
 
As shown in Figure 4-6 (B), the capacitances associated with the respective processes 
remain more or less independent of temperature, except Cintra and Cinter at >400 °C, which 
might reflect loss of precision in the use of fixed dry parameters in fitting of impedance 
spectra for higher temperatures. Results suggest that the supplied steam would interact 
with CeO2 surface (i.e. lattice defect) and influence the property of grain interior more at 
higher temperatures because of the activation of lattice oxygen in CeO2. Therefore, the 
difference against fixed parameters obtained under dry conditions seems to rise at high 
temperatures even at low PH2O of 0.026 atm. Aside from this variation, it is noteworthy 
that Cinter and Cgb are higher than the corresponding Cintra and Cb. This trend by which the 
capacitance values of boundary zone became larger than that of surface/interior zone is 
attributed to the thinner grain boundary because capacitance is proportional to inverse 
thickness d-1, shown in the equation (2) where ε denotes the dielectric constant and s 
signifies the area. 
 
 C = ε s / d (2) 
 
Finally, Cintra and Cinter might be expected to have capacitance only from the thin 
water layer, but in fact they will have contributions also from the bulk underneath, thereby 
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explaining the capacitances higher than the corresponding Cb and Cgb. 
 
To elucidate details of the features of surface conductivity σintra and σinter, the 
dependence of σintra and σinter on water pressures (PH2O) was measured at 400 °C. The 
results are presented in Figure 4-7: σinter showed no dependence on PH2O at 400 °C. This 
result might indicate that protons play no role in transport across the grain boundaries at 
this temperature, or might indicate the exact opposite: that the grain boundaries are 
saturated with protons already at the low residual PH2O in dry atmospheres. However, σintra 
showed clear PH2O dependence on the order of close to 1.0, which indicates that the 
concentration of mobile protonic species or sites for protons to hop is not given by 
ordinary dissociative hydration as in bulk, where we obtain two OH species from each 
water molecule and a PH2O1/2 dependence (22), except the case of low intrinsic oxygen 
vacancy (13). Instead, surface protonic conduction at 400 °C is apparently dependent on 
molecular water, probably as a site for mobile protons, because the amount of adsorbed 
and layered molecular water depends strongly on PH2O. 
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4.3.2 Surface proton conduction under dry conditions on SrZrO3 
 
Before elucidating surface conductivity, the physicochemical properties of SrZrO3 
were confirmed using XRD and SEM. Results are presented in Figures 4-8 (A) and (B). 
The XRD pattern shows that the sample has a phase with a perovskite structure. 
Additionally, it is apparent from the SEM image that the sample has open pores, as does 
the CeO2 sample, as presented in Figure 4-4. 
 
Next, we investigated Nyquist plots under N2 flow and N2 + H2 flow conditions at 
350 °C and 140 °C. Results are presented in Figure 4-9. When only N2 gas was supplied, 
two arcs are apparent at both 350 °C and 140 °C. These two arcs are attributable to the 
resistances of grain bulk and grain boundaries (Rtot = Rb + Rgb). When the gas was 
switched to N2 + H2 flow (PH2 = 0.75 atm, Ptotal = 1.0 atm), the observed impedance arcs 
became much smaller. The effects of hydrogen addition on the conductivity are clearer at 
lower temperatures (Fig. 4-9 B). 
 
To examine trends of temperature dependence for the respective components of 
conductivity, the resistance was separated into three components with an equivalent 
circuit, as shown in Figure 4-3 (B). Figure 4-10 presents each apparent electrical 
conductivity and capacitance as a function of inverse temperature under N2 flow and N2 
+ H2 flow (PH2 = 0.75 atm) conditions. 
 
Results obtained under N2 flow demonstrated that σgb was slightly larger than σb. 
This difference in size might be attributable to the low relative density of pellets: having 
smaller particle size of SrZrO3 and larger number of grain boundary in the sample, as 
indicated in the case of CeO2 (section 4.3.1). Furthermore, as shown in closed symbols in 
Figure 4-10, σb and σgb increased concomitantly with increasing temperature, whereas 
both Cb and Cgb showed almost constant values of 140–450 °C. The calculated apparent 
activation energy (relative error was within ±1% based on the chosen regression intervals) 
for σb was 0.88 eV (140 °C ≤ T ≤ 450 °C). That for σgb was 0.93 eV (140 °C ≤ T ≤ 450 °C). 
An earlier report described that the apparent activation energy for total conductivity is 
greater than 0.8 eV at intermediate temperatures (200 °C ≤ T ≤ 450 °C), which might 
represent the small polaron (e- or h+) hopping conduction in SrZrO3-based materials (26). 
 
Conductivity and capacitance under N2 + H2 flow (PH2 = 0.75 atm) conditions were 
also measured and evaluated. As Figure 4-10 shows, conductivities for surface transport 
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(σintra and σinter) showed different degrees of dependence on temperatures compared to 
those for interior SrZrO3 of σin. The conductivity showed almost identical values from a 
certain temperature, 200 °C for σinter and 140 °C for σintra, with lowering of the 
temperature. These phenomena indicate that at the lower temperature of 200 °C, the 
adsorbed water species derived from equations (3)–(5) induces surface protonic transport 
even under dry (N2 + H2) conditions by virtue of the low-temperature condition. 
 
 H2 + Oox → H2O + Vo.. + 2e- (3) 
 H2O + Vo.. + Oox → 2OH. (4) 
 H2O + 2θ→ θ-O- + θ-OH+ (5) 
 
As shown in Figure 4-10 (B), the capacitances associated with each process remain 
more or less independent of temperature, except Cinter. Actually, Cintra and Cinter showed 
almost identical values at lower temperature below 150 °C. This trend suggests that these 
two conductivities (σinra and σinter) were not separated well below 150 °C and that they 
might be combined into one component of surface conductivity. 
 
To ascertain the dominant carrier for each conductivity, the conductivity using 
isotope (D2) were investigated at 350 °C and 150 °C. The obtained Nyquist plots are 
presented in Figure 4-11. The interpreted results are presented in Table 4-1. As shown in 
Figure 4-11, the apparent arcs became larger at both temperatures (350 °C and 150 °C) 
when D2 was supplied instead of H2. At 350 °C, all conductivities were influenced 
strongly by proton species because σH / σD were almost 2 (Table 4-1), indicating that 
protons are the dominant carrier and that they diffuse in SrZrO3 at higher temperatures in 
terms of isotope effects (27). However, at 150 °C, σH / σD for both interior and surface of 
SrZrO3 showed higher values of 1.7 and 2.4, except for intra. Therefore, proton diffuses 
both in SrZrO3 and on the surface of SrZrO3 at lower temperatures. However, σH / σD for 
surface of grain boundary (inter) was an unnatural value of 22.7 at 350 °C. Consequently, 
we might conclude that extracting the surface protonic transport from the interior carrier 
transport of SrZrO3 is difficult under the dry conditions of N2 + H2 flow. 
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4.4 Conclusion 
 
Surface transport properties for porous CeO2 under wet conditions were investigated 
using electrochemical impedance spectroscopy. With samples of low relative density at 
60%, the interior and surface conductivities across grains and grain boundaries were well 
extracted with an equivalent parallel circuit. The surface protonic conductivity under wet 
conditions increased concomitantly with decreasing temperature, indicating that adsorbed 
water plays an important role in proton transport on the CeO2 surface. The PH2O 
dependence of the conductivity of the grain bulk surface (intra) at 400 °C suggests that 
molecular rather than dissociated water facilitates surface protonic transport. These 
findings of surface transport properties present important possibilities for contribution to 
the expansion of applications for fuel cells, electrolysis, and catalysis. 
 
Under dry conditions of N2 + H2 flow (PH2 = 0.75 atm), it is apparently difficult to 
extract surface protonics from the interior conduction of SrZrO3 because SrZrO3 itself 
showed high proton conductivity in bulk rather than undoped CeO2. 
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Figure 4-1 Schematic illustration of ac impedance measurement apparatus. 
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Figure 4-2 (A) Schematic illustration of surface and grain resistance for CeO2 and (B) 
equivalent circuit describing career transport in the grain bulk (b), across the grain 
boundary (gb), over the grain surface (intra), and over the grain boundary surface 
(inter). 
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Figure 4-3 Equivalent circuits (A) used to obtain data under N2 (B) used for the 
obtained data under N2 + H2 (or D2). 
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Figure 4-4 (A) XRD pattern and (B) SEM image of CeO2 sintered at 1000 °C for 2 h. 
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Figure 4-5 Nyquist plots for CeO2 recorded under dry(Ar) or wet(PH2O = 0.026 atm) gas 
at (A) 400 °C and (B) 200 °C. 
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Figure 4-6 Apparent each electrical conductivity and capacitance as a function of 
inverse temperature under dry and wet (PH2O = 0.026 atm) 
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Figure 4-7 Apparent surface electrical conductivity as a function of PH2O at 400 °C. 
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Figure 4-8 (A) XRD pattern and (B) SEM image of SrZrO3 sintered at 1250 °C for 12 h. 
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Figure 4-9 Nyquist plots for SrZrO3 recorded under N2 flow or N2 + H2 flow at (A) 
350 °C and (B) 140 °C. 
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Figure 4-10 Apparent electrical conductivity and capacitance as a function of inverse 
temperature under N2 flow and N2 + H2 flow (PH2 = 0.75 atm). 
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Figure 4-11 Nyquist plots for SrZrO3 recorded under N2 + H2 flow or N2 + D2 flow at 
(A) 350 °C and (B) 150 °C. 
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Table 4-1 Isotope effect on conductivity at preferential temperatures of 350 °C and 
150 °C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Temperature 
Location
σH σD σH / σD CH CD
/ ◦C / S cm-1 / S cm-1 / - / farad / farad
350
in 2.33E-08 1.25E-08 1.9 2.35E-11 2.59E-11
intra 5.58E-09 2.71E-09 2.1 7.60E-10 6.55E-10
inter 3.55E-08 1.57E-09 22.7 3.96E-09 5.75E-09
150
in 3.91E-11 2.25E-11 1.7 2.61E-11 2.78E-11
intra 4.15E-12 4.23E-12 1.0 6.25E-10 6.55E-10
inter 2.13E-10 8.89E-11 2.4 5.70E-10 4.63E-10
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Chapter 5   Reaction combining steam reforming of methane 
and ammonia synthesis in an electric field 
 
5.1 Introduction 
 
As described in chapters 2 and 3, the application of an electric field to the catalyst 
bed induced surface protonics, which in turn promotes steam reforming of methane and 
ammonia synthesis, even at low temperatures. For that reason, ammonia is producible 
from the reactants of methane, water and nitrogen with one-step by virtue of surface 
protonics. Several important benefits could be gained if this process were developed. 
 
First, this process would be regarded as a kind of auto-thermal process. Ammonia 
synthesis is a slightly exothermic reaction. Steam reforming of methane is a strongly 
endothermic reaction. If the ammonia synthesis proceeds with the reactants of methane, 
water, and nitrogen, then the heat of reaction could be used as required heat for steam 
reforming. In addition, the hydrogen produced via steam reforming could be consumed 
for ammonia synthesis. Therefore, the equilibrium of steam reforming would move 
toward the forward reaction. 
 
The second specifically relates to the process for hydrogen production, in which 
approximately three-quarters of the energy is consumed for ammonia production in total. 
If the process for hydrogen production and the process for ammonia synthesis were 
combined, then a highly efficient process for ammonia synthesis would be newly 
developed. 
 
Finally, this process has great potential for creating a novel means of gas utilization 
from unused gas fields. According to some recent reports (1, 2), there are over 80% unused 
gas reserves in Russia and Southeast Asia compared to the amount of gas reserves 
worldwide. That unused gas, including methane, could be converted into ammonia using 
this small-scale process and could then be transported as a hydrogen carrier. 
 
In the terms presented above, investigations were conducted to support development 
of a process of ammonia synthesis from methane, water, and nitrogen. 
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5.2 Experimental 
 
5.2.1 Catalyst preparation 
 
Various oxides (CeO2, Ce0.5Zr0.5O2, and SrZrO3) were used as catalyst supports. 
Catalyst supports were prepared using a complex polymerization method. First, ethylene 
glycol and citric acid were measured in an amount of 3 mol of metallic amount, and were 
dissolved in distilled water. Metal nitrate (Ce(NO3)2 · (6H2O), ZrO(NO3)2 · (2H2O), 
and/or Sr(NO3)2) were dissolved in the solution and stirred. Then the obtained solution 
was heated and stirred at 343 K for 17 h. The obtained sample was pre-calcined at 673 K 
for 2 h. Subsequently, it was calcined under air flow at 1123 K for 10 h. 
 
Using prepared supports, various metal-loaded catalysts such as Ru, Fe, Co, Rh, W, 
and bi-metal (Rh/W, Ru/W, Rh/Co, Rh/Co, and Pd/Co) were prepared for this work using 
an impregnation method. Metal precursors were Pd(OCOCH3)2, H12N9O6Pt, Rh(NO3)3, 
Ni(NO3)2 · 6H2O, Fe(NO3)3 · 9H2O, (NH4)6H2W12O40 · xH2O, (NH4)6Mo7O24 · 4H2O, and 
Co(NO3)2 · 6H2O. First the distilled water solvent with prepared support oxide was 
evaporated in vacuo at room temperature for 2 h. Then the solvent with metal precursor 
was added and stirred for another 2 h. The obtained solution was heated and stirred at 343 
K, and then dried at 393 K for 20 h. The dried sample of Ru catalyst was treated under 
H2 (50 SCCM) and Ar (50 SCCM) flow at 723 K for 2 h. The other sample without Ru 
was heated in an oven at 973 K for 12 h in air. The metal content was basically fixed at 
5.0 wt%. In the case of Pd, the amount was 1 wt%, and those of bi-metal of Rh were 0.1, 
0.5, 1, 3, and 5 wt%. The prepared catalyst was crushed into 355–500 μm diameter 
particles. 
 
5.2.2 Screening tests 
 
For all activity tests, a quartz tube (6.0 mm i.d.) was used as a fixed-bed flow-type 
reactor. Two stainless steel rods (2 mm o.d.) were inserted into the reactor as electrodes. 
The upper electrode was set on the top of the catalyst bed. The ground electrode was set 
on the bottom of the catalyst bed. Figures 2-1 and 3-1 show schematic images of the 
reactor. They are the same. The catalyst bed temperature was measured using a 
thermocouple. The imposed current and response voltage were observed using a digital 
phosphor oscilloscope (TCP A 300, and TDS 2001C; Tektronix Inc.). Before conducting 
activity tests, the catalyst was reduced with N2 (14 SCCM) and H2 (42 SCCM) flow 
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basically at 723 K and 2 h except for W catalyst at 973 K for 5 h and Co, Pd, and Rh 
catalysts for 973 K for 1 h. Activity tests were conducted fundamentally using 200 mg 
catalyst under CH4 (12 SCCM), H2O (24 SCCM), and N2 (20 SCCM) flow at 473 K with 
5 mA (DC). Product gases were analyzed qualitatively and quantitatively using an ion 
chromatograph (IC-2001; Tosoh Corp.), a GC-TCD and a GC-FID (GC-2014; Shimadzu 
Corp.). Methane conversion was calculated using the ratio of output moles of carbon atom 
in product species (CO and CO2) and input moles of carbon atom in methane. 
 
5.2.3 In-situ IR measurements 
 
To elucidate the adsorbed species on catalysts with and without the electric field, in-
situ DRIFTS measurements were conducted using FT-IR (FT-IR6200; Jasco Corp.) with 
an MCT detector and a diffuse reflectance infrared Fourier transform spectroscopy 
reactor cell (DR-600Ai; Jasco Corp.) with a ZnSe window. For IR measurements with 
application of the electric field, a Teflon cell was used (to avoid short circuits in the cell), 
as presented in Figure 3-2. First, the sample was pre-reduced under N2 (15 SCCM) and 
H2 (45 SCCM) flow at 473 for 2 h. Then, the reducing gas was purged for 30 min with 
Ar (60 SCCM). After background (BKG) measurements were taken under Ar gas at 473 
K, the reactant gas (CH4 : H2O : N2 = 1 : 2 : 3, 60 SCCM) was supplied for 30 min at 
most. Then the electric field was applied for about 10 min. Each spectrum was recorded 
at resolution of 4.0 cm−1, over 44 scans. Current of 5 mA was used. 
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5.3 Results and discussion 
 
5.3.1 Screening tests 
 
First, screening tests for support materials of catalyst were conducted. SrZrO3, CeO2, 
and Ce0.5Zr0.5O2 were used for this study because SrZrO3 and CeO2 showed stable and 
high activity for ammonia synthesis and steam reforming of methane respectively in the 
electric field even at low temperatures, as discussed in chapters 2 and 3. In addition, Zr-
doped CeO2 is known as a material that shows higher performance than that with undoped 
CeO2 for steam reforming of methane in the electric field (3). 
 
Figure 5-1 portrays results of screening tests for support materials of catalyst. The 
loaded metals were Ru, Fe, and Co. Regarding the activity for steam reforming of 
methane (evaluated via methane conversion), the order of activity was SrZrO3 > 
Ce0.5Zr0.5O2 > CeO2. However, the activity for ammonia synthesis differed according to 
the supported metal. When Ru supported catalyst was used, the order of activity for 
ammonia synthesis was Ce0.5Zr0.5O2 > CeO2 > SrZrO3. When Fe and Co supported 
catalysts were used, the order of activity for ammonia synthesis was SrZrO3 > Ce0.5Zr0.5O2 
> CeO2. From these results and from the viewpoint of stable electric field application to 
the catalyst bed at low temperatures, Ce0.5Zr0.5O2 is the best support material for this 
reaction. In addition, the methane conversion was stable during 1 h activity tests, although 
the activity for ammonia synthesis was unstable, as shown in Figure 5-1. Possible reasons 
for these results are that the competitive adsorption between methane and nitrogen on 
active sites occurs, and that the active sites for ammonia synthesis are oxidized to some 
extent by supplied water. Therefore, to suppress these negative influences above, bi-metal 
supported catalysts are prepared for the next screening tests to separate the active sites of 
methane and nitrogen activation. 
 
Figure 5-2 presents results of screening tests for supported bi-metal. In this case, the 
support material was fixed with the best support of Ce0.5Zr0.5O2. In these experiments, it 
is expected that Pd is an active site for steam reforming of methane, Co, W, and Fe are 
the active site for ammonia synthesis, and Rh and Ru are the active sites for both reactions. 
Among these catalysts, Pd-Co supported catalyst showed stable activity for 1 h. In 
addition, Rh-W supported on Ce0.5Zr0.5O2 showed higher activity for ammonia synthesis. 
Therefore, we concluded that 3 wt% Rh – 5 wt% W / Ce0.5Zr0.5O2 is the best catalyst for 
both reactions of steam reforming of methane and ammonia synthesis. 
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5.3.2 In-situ IR measurements 
 
To assess the reasons for unstable activity of ammonia synthesis, in-situ IR 
measurements were conducted. The obtained spectra are presented in Figure 5-3. Only 
when the electric field was applied to the catalyst bed was a peculiar peak at 2176 cm-1 
observed. This peak might be assigned to the vibration mode of CN species (4, 5) or NCO- 
species (4, 5). In the case of CN species, we can assume the following side reactions (1)–
(3). Presumably, the synthesized ammonia reacts with CO or CO2 produced via steam 
reforming of methane. Therefore, the ammonia yield decreased. 
 
 4CO + NH3 → CH3CN + 2CO2 (1) 
 2CO + NH3 → HCN + H2 + CO2 (2) 
 CO2 + H2O + 2NH3 → (NH4)2CO3 (3) 
 
For NCO- species, we can assume a positive reaction for ammonia synthesis, 
described as equation (4). Even though this reaction is a reversible reaction, the novel 
reaction path for ammonia synthesis might be created by virtue of the electric field 
application. Therefore, this catalyst showed a high ammonia synthesis rate from methane, 
water and nitrogen, even at low temperatures. 
 
 -NCO + 2H2O ↔ NH3 + CO2 + -OH (4) 
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5.4 Conclusion 
 
Direct catalytic ammonia synthesis from methane, water, and nitrogen along with 
electric field application was investigated with the objective of efficient usage of surface 
protonics. Results of the screening tests revealed that the best catalyst for this reaction 
was bi-metal (Rh and W) supported catalyst on Ce0.5Zr0.5O2 (3 wt%Rh / 5 wt%W / 
Ce0.5Zr0.5O2). The activity for steam reforming of methane was almost stable during 1 h 
activity tests. However, the activity for ammonia synthesis was unstable: The synthesis 
rate fluctuated. 
 
To elucidate the reason, in-situ IR measurements were conducted. Only when the 
electric field was applied to Rh-W bi-metal catalyst at low temperatures was the peak 
assigned to the vibration mode of CN or NCO species observed. Especially for NCO 
intermediate species, it reacts with water to produce additional ammonia. This route for 
ammonia synthesis is peculiar to the raw materials of methane, water, and nitrogen in the 
electric field. Results demonstrate that Rh-W catalyst showed high activity for ammonia 
synthesis because the reaction with NCO and water produces additional ammonia 
although side reactions also proceed in the electric field. 
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Figure 5-1 Results of screening tests with various support materials of catalyst: 
473 K preset temperature; 200 mg amount of catalyst; flow, CH4 : H2O : N2 = 12 : 24: 
20 SCCM; 5 mA current. 
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Figure 5-2 Results of screening tests with various supported bi-metal on Ce0.5Zr0.5O2: 
473 K preset temperature; 200 mg amount of catalyst; flow, CH4 : H2O : N2 = 12 : 24: 
20 SCCM; 5 mA current. 
The amounts of loaded metals were 5 wt%Ru / 5 wt%W, 3 wt%Rh / 5 wt%Co, 3 
wt%Rh / 5 wt%W, 5 wt%Ru / 5 wt%Co, and 1 wt%Pd / 5 wt%Co. 
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Figure 5-3 In-situ IR spectra over 3 wt%Rh - 5 wt%W / Ce0.5Zr0.5O2 catalyst: 
473 K preset temperature; flow, CH4 : H2O : N2 = 10 : 20: 30 SCCM; 5 mA current. 
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Chapter 6   General Conclusion 
 
As described in this thesis, catalytic reactions for hydrogen production and ammonia 
synthesis in an electric field were performed. Application of the electric field to the 
catalyst bed promoted both reactions for steam reforming of methane and ammonia 
synthesis, even at lower reaction temperatures of around 473 K. At such low temperatures, 
the conventional catalytic reaction without the electric field never proceeds. Therefore, 
various experiments and theoretical calculations were conducted to elucidate the electric 
field effects on steam reforming of methane and ammonia synthesis. In addition to the 
electric field effects, the mechanisms for both steam reforming of methane and ammonia 
synthesis in the electric field were considered. 
 
As presented in chapter 2, catalytic steam reforming of methane was conducted in an 
electric field. The reaction used Pd catalyst supported on CeO2, which showed high and 
stable activity for steam reforming of methane in the electric field at around 473 K. The 
energy consumption was about 214 MJ / kg-H2 in a kinetic region at 473 K. Kinetic 
analyses revealed that the apparent activation energy decreased from 54.4 kJ mol-1 to 14.3 
kJ mol-1 with the electric field application. Moreover, results show that the degrees of 
partial pressure dependence on the reaction rate changed with the electric field. The 
reaction rate with the electric field depended strongly on the partial pressure of water, 
rather than on the partial pressure of methane. These two results indicate clear differences 
between the reaction mechanisms with and without the electric field. To observe the 
adsorbates on Pd catalyst surface in the electric field, operando-IR measurements were 
also conducted. Results showed that the peak assigned to “water rotation” was observed 
only when the electric field was applied. This peak suggested that protons hop via 
adsorbed OH species in the electric field. This mechanism for proton conductivity is well 
known as the Grotthuss mechanism. This phenomenon, which occurred especially on the 
surface of a solid electrolyte, is Surface Protonics. Subsequent operando-IR 
measurements indicated that surface protonics occurred during the electric field 
application to steam reforming of methane at low temperatures. To elucidate the relation 
between surface protonics and the enhancement of catalytic activity for steam reforming 
of methane in the electric field, operando-analyses were conducted using isotopes (CD4 
and D2O). Results revealed that the activities increased when heavy isotopes such as CD4 
and D2O were used as the raw materials instead of CH4 and H2O. These results reflected 
an inverse kinetic isotope effect, indicating that protons collided into the physisorbed 
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methane, and that methane dissociative adsorption was promoted by virtue of surface 
protonics. Results demonstrate that surface protonics plays an important role for methane 
activation at low temperatures in an electric field. 
 
For chapter 3, catalytic ammonia synthesis was conducted in the electric field. From 
the screening tests, the optimized catalyst for ammonia synthesis in the electric field was 
Cs-Ru catalyst supported on SrZrO3. The activity reached 36.3 g-NH3 kWh-1 at 624 K 
under 0.9 MPa, still in the kinetic region. Kinetic analyses revealed that the apparent 
activation energy decreased from over 120 kJ mol-1 to below 40 kJ mol-1 with the electric 
field application. Furthermore, the nitrogen pressure dependence on the reaction rate 
decreased with the electric field. Therefore, the step of nitrogen dissociation was 
specifically examined, and isotope exchange tests were conducted using 30N2. Results 
revealed that nitrogen dissociation was markedly enhanced with the electric field 
application, even at low temperatures. As with the case of steam reforming explained in 
chapter 2, in-situ IR measurements were also conducted. Results showed that protons 
were produced during the electric field application, and that protons diffused on the 
catalyst surface. Therefore, surface protonics was confirmed during ammonia synthesis 
in the electric field. For the results described above, it was assumed that nitrogen is 
activated via proton collision, producing a cationic intermediate species such as N2H+. To 
examine the validity, activity tests were conducted using deuterium (D2) and theoretical 
calculations. The activity test results demonstrated that the activity increased when 
deuterium was used as a raw material instead of hydrogen, known as an inverse kinetic 
isotope effect. In addition, theoretical calculations revealed that the reaction path through 
the intermediate species such as N2H+ would be favorable with electric field application, 
which was expressed as adding positive charges. These two results supported the assumed 
mechanism with N2H+ intermediate. Therefore, surface protonics was found to be a 
promising and novel reaction path for nitrogen activation. 
 
As explained in chapter 4, the surface protonics was evaluated via electrochemical 
impedance spectroscopy (EIS) measurements, as detected from results of operando/in-
situ IR measurements described in chapters 2 and 3. Pellets of CeO2 and SrZrO3 having 
low relative densities (≈ 60%) were prepared to extract surface protonic transport derived 
from adsorbates. As results for measurements of CeO2 under steam supply (PH2O = 0.026 
atm), the conductivities for surface carrier transport increased concomitantly with 
decreasing temperature below 573 K, suggesting that the adsorbed water plays an 
important role in achieving high surface proton conductivity. However, for measurements 
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of SrZrO3 under a hydrogen-rich atmosphere (PH2 = 0.75 atm), it was difficult to extract 
surface conduction because SrZrO3 itself possesses a high ability for protonic transport 
in bulk and the grain boundary. However, it was revealed that surface protonics can be 
extracted and evaluated via EIS measurements with an appropriate equivalent circuit and 
pellets that have open pores. 
 
As presented chapter 5, direct catalytic synthesis of ammonia from methane, water, 
and nitrogen was conducted in an electric field. Screening tests showed that the optimized 
catalyst for this reaction in the electric field was bi-metal (Rh–W) catalyst supported on 
Ce0.5Zr0.5O2. Methane conversion was almost stable (over 20% at 473 K) during 1 h 
activity test with this catalyst. However, the ammonia synthesis rate fluctuated: from 10 
μmol g-cat-1 h-1 to 120 μmol g-cat-1 h-1. To investigate the reasons for this, in-situ IR 
measurements were conducted. Results demonstrated that the peaks assigned to the 
vibration mode of CN and NCO species were observed only when the electric field was 
applied to the catalyst bed. The peak assigned to CN species indicated that the produced 
ammonia reacted with carbon monoxide and then gave cyano species (CH3CN or HCN). 
Therefore, the ammonia synthesis rate decreased. However, the peak assigned to NCO 
species indicated that NCO species would react with H2O and then produce additional 
ammonia. For that reason, the ammonia synthesis rate increased. Overall, side reactions 
were not suppressed even when bi-metal catalyst was used. However, it might be 
concluded that the electric field application creates a novel reaction path for ammonia 
synthesis through the intermediate NCO species. 
 
Finally, the electric field effects on catalysis for hydrogen production and ammonia 
synthesis are summarized as presented below. The application of DC electric field to the 
metal catalyst supported on semi-conductors induces surface protonics derived from 
water or hydrogen. Protons collide with reactants such as methane and nitrogen on the 
catalyst surface and promote the dissociative adsorption for stable intermediates even at 
low temperatures. Surface protonics creates a novel catalytic reaction mechanism and 
enhances heterogeneous (gas–solid) catalytic reactions. Both exothermic and 
endothermic reactions are promoted at low temperatures via surface protonics. Therefore, 
this catalytic process with DC electric field application opens the door to small-scale, on-
demand hydrogen production and ammonia synthesis. 
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